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NATIONAL SPACE BIOMEDICAL RESEARCH INSTITUTE

ANNUAL SCIENTIFIC AND TECHNICAL REPORT

OCTOBER 1, 2001 - SEPTEMBER 30, 2002

(Cooperative Agreement NCC 9-58)

1.0 INTRODUCTION

This report outlines the activities of the National Space Biomedical Research Institute (NSBRI)

during FY 2002, the fifth year of the NSBRI's programs. It is prepared in accordance with

Cooperative Agreement NCC 9-58 between NASA's Lyndon B. Johnson Space Center (JSC) and

the Institute's lead institution, Baylor College of Medicine.

2.0 BACKGROUND

In June 1996, NASA released a Cooperative Agreement Notice (CAN) inviting proposals to

establish a National Space Biomedical Research Institute (9-CAN-96-01). This CAN stated that:

The Mission of the Institute will be to lead a National effort for accomplishing the

integrated, critical path, biomedical research necessary to support the long term
human presence, development, and exploration of space and to enhance life on

Earth by applying the resultant advances in human knowledge and technology

acquired through living and working in space. The Institute will be th___eefocal point of

NASA sponsored space biomedical research.

This statement has not been amended by NASA and remains the mission of the NSBRI.

The Institute was selected by NASA in March 1997 following a two-phase, competitive review

of proposals received in response to the CAN. In April 1997, the NSBRI was chartered in the

State of Texas as a non-profit corporation. After a 60-day definition period, NASA and the

NSBRI signed a Cooperative Agreement (NCC 9-58) and Cooperative Agreement Management
Plan with JSC. The Cooperative Agreement is for a five and one-half year base period and three,

five-year optional extensions. The first optional extension, lasting until September 30, 2007, will
be exercised.

The NSI3RI partners with NASA to develop countermeasures against the deleterious effects of long-

duration space flight, and performs fundamental and applied space biomedical research directed

toward this goal. This is accomplished by:
• designing, testing and validating effective countermeasures to address the biological and

environmental impediments to long-term human space flight;

• defining the molecular, cellular, organ-level, integrated responses and mechanistic

relationships that ultimately determine these impediments, where such activity tbsters the

development of novel countermeasures:
• establishing biomedical support technologies to maximize human performance in space,

reduce biomedical hazards to an acceptable level and deliver quality medical care:

• transferring and disseminating the biomedical advances in knowledge and technology

acquired through living and working in space to the general benefit of humankind;



including the treatment of patients suffering from gravity- and radiation-related

conditions on Earth; and

ensuring open involvement of the scientific community, industry and the public in the
Institute's activities and fostering a robust collaboration with NASA, particularly through

the JSC.

The NSBRI is governed by a consortium of twelve institutions - Baylor College of Medicine,
Brookhaven National Laboratory, Harvard Medical School, The Johns Hopkins University School of

Medicine and Applied Physics Laboratory, Massachusetts Institute of Technology, Morehouse School
of Medicine, Mount Sinai School of Medicine, Rice University, Texas A&M University, the

University of Arkansas for Medical Sciences, the University of Pennsylvania Health System and the

University of Washington. The Institute's headquarters are located in Houston at Baylor College of
Medicine.

The initial Institute research program consisted of eight research teams carrying out 37, three-

year projects and four, one-year "synergy" projects designed to bridge between discipline
research team activities and create an appropriate atmosphere for future interdisciplinary

research. Because of the competitive process used by NASA to select the NSBRI, most of the

initial program was carried out at the seven original consortium institutions. There are, however,

no restrictions concerning institutional participation in Institute activity. As a result of two
research announcements in FY 2000, the institute expanded to 12 research teams and 85 research

projects during its fourth year. In the fifth year, the number of research teams was consolidated to
11 teams, with a total of 88 research projects. In addition to its research program, the NSBRI has

developed vital education and outreach and communications programs that take advantage of the
Institute's core research activities. Currently there is funding of research and education projects

at 75 institutions across 22 states.

The management plan for the Institute is based on the model used by the National Institutes of

Health. An independent Board of Scientific Counselors is responsible for assuring excellence in

the Institute's intramural program through independent external peer review, and an External

Advisory Council is responsible for advising Institute management concerning prograrnmatic
effectiveness. The NSBRI also has a User Panel of former and current astronauts and flight

surgeons responsible for assuring that the research program is focused on astronaut health and

safety. An Industry Forum of representatives of aerospace, biomedical and technology industries
assists in developing industry participation in NSBRI and in timely technology transfer.

Primary support for the NSBRI's activities is furnished by NASA through NCC 9-58 although

funds to support Institute activities also come from several sources, including the institutions
involved in carrying out the NSBRI's programs. Initial annual base funding for the Institute's

first two years of operation (FY 1998 and FY 1999) was approximately $10 million. In FY 2000,
base annual funding was increased to approximately $14 million to develop the infrastructure

needed to support planned program growth in FY 2001. In support of the expanded research and

education program, the FY 2001 base annual funding was increased to approximately $25
million. In FY 2002, the base annual funding was approximately $22 million. Detailed

information on the budget and allocation of resources appears as part of the Strategic Plan

(Appendix A).

On August 29, 2002, the NSBRI received a letter from the JSC Contracting Officer informing the
Institute that, for planning purposes, the NSBRI should presume a $30 million total budget ($29

million plus $1 million for Advanced Medical Care Systems) for FY 2003 through FY 2007.



3.0 SUMMARY OF FY 2002 ACTIVITIES

A summary of major NSBRI activities taking place in FY 2002 appears at Table 1. The activities
ranged from the appointment of a full-time director and the development and NASA external

review of a strategic plan to the scientific and management meetings of the External Advisory

Council and Board of Directors designed to highlight scientific and technological achievements

and to provide guidance and oversight to the Institute's programs.

Table 1. MAJOR NSBRI ACTIVITIES

October 1, 2001 - September 30, 2002

DATE ACTIVITY LOCATION

October 17-18 External Advisory Council Meeting Houston

October 31 Release of Research Announcement NRA 01-OBPR-07 N/A

November 8 Board of Directors Meeting Houston

November 8 Appointment of Full-Time Director N/A

January 13-17 NSBRI Retreat Montgomery, TX

N/AJanuary31 Proposal Due Date for Research Announcement
NRA 01-OBPR-07

March-April Peer Review of NSBRrs NRA 01-OBPR-07 Proposals

March 12-13 External Advisory Council Meeting

April 4 Board of Directors Meeting

April 17 Department of Health and Human Services
Audit Exit Conference

May 24 Submission of NSBRI Strategic Plan to NASA

June 10-11 Strategic Plan Review Panel Presentation

Washington, DC

San Jose, CA

Houston

August 12-14

September 4-5

September 26-27 Board of Directors Meeting

Exercise Simulation Workshop

for NSBRI Digital Human Modeling Core

External Advisory Council Meeting

Houston

(Teleconference)

N/A

Washington, DC

Seattle, WA

Philadelphia, PA

Washington, DC

4.0 STRATEGIC PLAN

In response to specific requests from NASA, the NSBRI produced an updated Strategic Plan

covering the next five years of the Institute's growth and development. The plan consists of two
volumes. The first volume (Appendix A) lays out an Institute-wide strategy, performs a gap

analysis between current strategies and resource requirements to meet the Institute's goals and

objectives as set forth by NASA, and provides a breakdown of the Institute's budget and
allocation of resources. The second volume (Appendix B) contains individual strategic plans for

the 11 research teams and the education and public outreach team. The individual Team

Strategic Plans also review projects within the teams for their impact, synergistic value with

other team projects, contribution to inter-team interactions and collaborations with NASA



towardsdevelopingcountermeasuresthat addresscritical questionsin risk areason the Critical
PathRoadmap.

The NSBRI StrategicPlandevelopmentwasa collaborativeeffort, reflectiveof thecooperative
partnershipbetweenNSBRIandJSC. TheplanwascompletedonMay 24,2002,anddistributed
by NASA for externalpeerreview. The review committee,chairedby Dr. Judith Vaitukaitis,
met in Washingtonon June 10-11, 2002. Their report, "Review of the National Space
BiomedicalResearchInstituteStrategicResearchPlan," is includedin AppendixC.

The report containscritiquesand recommendationson l l topics. Matterspertainingto these
topics were addressedin a joint JSC/NSBRIresponseto NASA ttQ. Shortly thereafter,the
Acting Director of the Division of Bioastronauticsat NASA HQ, alongwith Dr. Vaitukaitis,
wrote a letter to the AssociateAdministrator of NASA's Office of Biological and Physical
Research(OBPR)statingthat thepeerreviewof theNSBRI StrategicPlanhadbeensuccessfully
completed.Post-reviewcorrespondencesarecontainedin AppendixD.

Sincethe review, the Institutecontinuesto refinethe StrategicPlanand provideaugmentation
andclarificationwhereneeded.For example,InstituteSeniorManagementin consultationwith
Team Leadershas prepareda draft documentconcerningpolicy on team leadership. The
documentaddressesoneof thetopicsraisedin theStrategicPlanReview. Thepolicy guidelines
on teamleadershipwill beevaluatedby the Institute's ExternalAdvisory Council and Boardof
Directorsbeforebeingforwardedto NASA.

TheInstitutealsois working to addresstheareasof productivitymetricsandbioinformatics.All
efforts arebeingmadeto coordinatewith NASA's eflbrts in theseareas. This is importantas
NASA developsand implementsits strategicplan in Bioastronautics. The ability to monitor
progressand integratedataacrossthe NASA/NSBRI interfaceis critical to the successof the
NSBRI missionandits contributionto NASA's Bioastronauticsprogram.

5.0 RESEARCH PROGRAM

Each research team consists of investigator groups working on complementary projects focused

on a common theme. Team management and coordination is the responsibility of a program
director called a Team Leader while overall scientific direction is the responsibility of the

Institute Director and Associate Director. A summary of each NSBRI research project is

provided in Appendix E.

The 11

Q

research teams focus on:

Bone Loss - Addressing the loss and weakening of bone during space flight with the

inherent fracture risks;

• Cardiovascular Alterations - Addressing inflight increase of cardiac dysrhythmias and

postflight impairment of the cardiovascular response to orthostatic and exercise stress;
• Human Per[brmance - Investigating maintenance of high cognitive performance and

vigilance despite environmental stress and sleep disturbances;
• Immunology, Injection and Hematologry - Addressing immune system impairment and altered

susceptibility to infection, increased allergic response, decreased blood volume and postflight

anemia;

• Muscle Alterations and Atrophy - Focusing on the loss of skeletal muscle mass, strength

and endurance that accompanies space flight;

• Neurohehavioral and Psychosocial Factors - Investigating methods and tools crews can

utilize to cope with stress, isolation and compatibility;

4



• Neurovestibular Adaptation - Addressing the problems of space motion sickness and

disorientation during flight and the postflight problems of balance and gaze disorders;

• Nutrition, Physical Fitness and Rehabilitation - Developing methods to maintain health
and fitness before, during and after space flights;

• Radiation Effects - Addressing the problem of increased cancer risk caused by the natural

space radiation environment;
• Smart Medical Systems - Developing new methods of remote medical diagnosis and

treatment; and
• Technology Development - Developing instrumentation that will enhance the research of

the other teams and transferring the technology to industry for the benefit of society.

During FY 2002, projects from the former Integrated Human Function Team were reassigned to

other appropriate research teams. This action was in response to a recommendation from the
2000 NASA Site Visit Report of the National Space Biomedical Research Institute and the

External Advisory Council.

5.1 Core Program Scientific and Technical Achievements

Team Program Reports that detail the scientific and technical accomplishments of the lnstitute's
research teams for FY 2002 are provided in Appendix F. (Note that the pre-puhlication results

presented in this Appendix are intended/or NASA internal use only as these results are

privileged.) These reports outline research program accomplishments and research program

structure and design.

In January, the investigators met with members of the JSC Space and Life Sciences community,

as well as other NASA personnel, at the Institute's retreat in Montgomery, Texas, to present new

research findings. Appendix G contains the retreat agenda. Throughout the year, research teams
also held retreats to coordinate efforts within their teams and with NASA. At the October

meeting of the External Advisory Council, the Smart Medical Systems Team did a "_hands on,"

proof-of-principle demonstration of inter-project synergy. Specifically, ultrasound was used
across three team projects to assess physiological adaptation to simulated microgravity, diagnose

medical conditions remotely (and with limited bandwidth communications), and apply high-

intensity focused acoustic energy for non-invasive surgical treatment. The demonstration of

these and other projects brought together NSBRI investigators, former astronauts and NASA

flight surgeons. In addition to this meeting, an Exercise Simulation Workshop for Digital

Human Modeling was also successful. A detailed report from the workshop is included in

Appendix H.

Highlights of the lnstitute's accomplishments were delivered as part of a Progress Report to
NASA in May 2002 (Appendix I). Principal findings in FY 2002 were also summarized in the

Director's report to the Board of Directors in September 2002 (Appendix J). Publications and

presentations resulting from full or partial NSBRI support are listed in Appendix K.

Despite a reduced expenditure rate of approximately 25% on research awards in FY 2002

because of budget constraints, NSBRI investigators made significant achievements towards

countermeasure development as delineated in the Team Strategic Plans (Appendix B). Selected

achievements directly relevant to the Institute's mission include the following:

Advancement of biomedical microsensor technologies for multiple applications in space

and on Earth. One project, led by Dr. Babs Soller of the University of Massachusetts

Medical School, uses lightweight, low power, portable and non-invasive near infrared

sensors and algorithms to determine blood and tissue chemistry. Applications include

assessing muscle pH in real time, which could be used in space to optimize exercise



countermeasures.The technologyhasbeenshown to be accurate,reliable and useful
despite skin color differences. Earth-basedapplications include the ability to non-
invasively detect reducedperipheral perfusion in diabetes,a condition affecting 17
million Americans. The investigatorsarecurrently working with JSC spacemedicine
personnelto makea flight prototypedevice.

Discoveryby Dr. Alfred Goldbergandcolleaguesat HarvardMedicalSchoolof Atrogin-
1, a muscle-specificprotein highly expressedduring muscleatrophy that is not only
relevant for microgravity adaptationbut also for moleculartherapeuticapproachesto
combatmuscleatrophyassociatedwith diversediseases.Their findingswerereportedin
Proceedings _)/the National Academy' of Science and in Nature Medicine.

Demonstration by Dr. Mark Bolander of the Mayo Clinic, Rochester, that fracture healing

in the hind-limb suspension rat model occurs, but that the quality, quantity and rate of

healing are different from normal weight-bearing fractures. This aligns with the Bone

Loss Team Strategic Plan to develop ways to prevent fractures and promote strong

fracture healing.

Clinical observations by Dr. Jay Shapiro and collaborators at the National Rehabilitation

Hospital that the spinal cord injury model for bone loss induces changes that differ from
those of age-related bone loss. The group has also found that the response to

bisphosphonates as a countermeasure is more complex than initially thought; the class of

drugs attenuates bone loss but does not stop it.

Development by Dr. Yi-Xian Qin of State University of New York-Stony Brook of a

novel portable confocal acoustic imaging device to assess bone mineral density and

strength in real-time in the space environment. Earth applications include the use of the
device to monitor treatment for osteoporosis, which is estimated to affect 10 million

individuals.

Advancement by Dr. Richard Cohen of Massachusetts Institute of Technology, Dr. Janice
Meck of JSC and their co-workers on the Cardiovascular Alterations Team, of the

midrodrine countermeasure to flight evaluation phase. The project, if selected, will test

midodrine as a means to combat postflight orthostatic hypotension. Mechanisms are

being investigated that underlie the observation that nearly all females, while only 50% of
males, are tilt intolerant following simulated microgravity.

Progress by Dr. George Brainard and colleagues from Jefferson Medical College at

optimizing the light spectrum, especially at 420 nm, to enhance human performance. In

addition to light as a countermeasure, members of the Human Performance Factors, Sleep

and Chronobiology Team have shown entrainment with food. Their findings are in press
for Genes, Brain and Behavior.

Demonstration by Dr. Janet Butel and colleagues at Baylor College of Medicine that in a

microgravity model of animals exposed to proton and gamma radiation, there is less

ability to clear infection, with increased mortality. Dr. Gerald Sonnenfeld's team at
Morehouse School of Medicine has also shown increased morbidity and mortality in

gravity-challenged animals. The effects of radiation on immunity speak to possible

replacement of gamma globulin as a protective countermeasure. Drs. Butel and
Sonnenfeld have published findings this year in The Lancet and the Journal of Allergy

and Clinical Immunology, respectively.
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Identificationby Dr. JoAnnaWoodof Baylor Collegeof Medicineandcolleaguesat the
Universityof Texasat Austin, theNIH, andthe AustralianAntarctic Division of factors
thatreduceinteractionsamongcrew. Theteamfoundin theirAntarcticstudythat female
leadersconsistentlyfeel more isolatedthanmaleleaders. Countermeasuredevelopment
is providingdetailson therolesvariousrelationshipsplay,how groupsreactin relationto
genderandwhat factorsin crewselectionareimportantfor long-durationmissions.

Progressreportedin the Journal of American Medical Association by Drs. James Carter

and Jay Buckey, Jr., of Dartmouth Medical School on using interview data from
astronauts and cosmonauts who participated in long-duration missions to develop a

computer-based system for self-diagnosis and treatment of psychosocial problems. Dr.
A1 Holland of JSC is a co-investigator on this project.

Delivery by Drs. Conrad Wall and Lars Oddsson of a compact, portable balance disturber
countermeasure to JSC, where Drs. Jacob Bloomberg and Ajitkumar Mulavara have

established normative locomotion data and visual acuity for use as a clinical measure of

fitness for return-to-duty and of efficacy of rehabilitative countermeasures. This
achievement on the Neurovestibular Adaptation Team is one of several team

accomplishments, including a successful Portland Space Vestibular Symposium and an

upcoming special issue of the Journal of Vestibular Research.

Completion of a bed-rest study conducted by Dr. Robert Wolfe at the University of Texas
Medical Branch. The study finished ahead of schedule and with findings that indicate use

of amino-acid supplements maintains protein synthesis and muscle mass but not muscle

strength. The role of nutrition in space will be highlighted in the October 2002 special
issue of Nutrition, which is co-edited by the Team Leader and a co-investigator on the

Nutrition, Physical Fitness and Rehabilitation Team. Work on the issue involved 23

members throughout the NSBRI/NASA community and occurred in FY 2002.

Investigation by Dr. Marcelo Vazquez and Radiation Effects Team collaborators at
Brookhaven National Laboratory of 180 of the 498 C57B1/6 male mice exposed to acute

doses of 0.15 to 4.8 Gy Fe ions and gamma radiation during the last NASA run (BNL-8,

April 2002). The animals are being monitored to detect memory function alterations and

changes in hippocampal biochemistry. These investigators have recently shown that
doses as low as 0.25 Gy of heavy ions are able to up-regulate p53 within hours in human

neural precursor cells and rodent glial progenitor cells (CG4). As a countermeasure,

bFGF is able to protect apoptosis induction in CG4.

Use of a new software program, SpaceDOCK, to evaluate performance in awake and

sleep-deprived subjects undergoing simultaneous brain fMRI and diffuse optical

tomography imaging. Dr. Jeffrey Sutton, colleagues at Massachusetts General Hospital,

and a NASA flight surgeon, developed this software program. The results reveal

objective measures of brain function obtained by a portable, non-invasive means suitable

for neuroimaging in the space environment. The technology is being used to monitor

neurological disorders in children and adults, including the assessment of stroke, a

condition that is experienced by 750,000 Americans per year.

Testing of a miniature time-of-flight mass spectrometer developed at The Johns Hopkins

University Applied Physics Laboratory by Dr. Richard Potember and colleagues. The

portable configuration has great potential for onboard analysis of chemical and biological

substances, yielding state-of-the-art technology for autonomous scientific studies, and
countermeasure assessment. The device also has relevance to homeland security'.



5.2 NASA/NSBRI Space Medicine Achievements

NASA's budget to the NSBRI specifies funding for Advanced Medical Care Systems, where the
NSBRI is to collaborate with JSC personnel on joint projects having direct operational need. In

FY 2002, the first project proposal in this area was completed, outlining the creation of a Medical

Operational Support Team (MOST). The MOST project brings together the NSBRI's clinical

expertise and resources to refine an onsite space-adapted human patient simulator for training

flight medical personnel. Dr. Harold Doerr from Baylor College of Medicine is the principal

investigator. The project will be funded in October 2002. Project details are in Appendix L.

The Institute participated in the NASA Risk Mitigation Collaborative Group, headed by Dr.

Jeffrey Davis, the new Director of the Space and Life Sciences Directorate at JSC, and by Dr.

Guy Fogleman, the Acting Director of the Division of Bioastronautics at NASA HQ. The group
examines, in part, biomedical risk-reduction strategies for different mission scenarios, which

include multiple factors, such as risk type, consequences, likelihood, current countermeasure
readiness, and crew health, safety and performance requirements. NASA participants include

Chief Scientist Dr. Shannon Lucid, Chief Health and Medical Officer Dr. Richard Williams, and

leaders from OBPR, the Office of Space Flight, and JSC. The activities of this group help

determine the research priorities on the Critical Path Roadmap, and hence of the NSBRI, whose
research activities must be coordinated with NASA priorities and needs.

At the External Advisory Council meeting in March, Dr. Jonathan Clarke, a JSC flight surgeon,
addressed the Team Leaders and Council regarding space- and evidence-based medicine. At the

September Council meeting, Ms. Mary Kicza, NASA Associate Administrator for OBPR, gave
an address discussing the OBPR Enterprise and the role of the NSBRI within NASA and the

Bioastronautics Program.

To help "'fast track" meritorious projects towards space medicine, as well as commercial

applications, a Committee on Research and Technology Transfer was established. Reporting to
the Director, the committee consists of representatives from the Team Leaders, Industry Forum,

User Panel, External Advisory Council, Board of Scientific Counselors, Board of Directors,

NASA medical operations and venture capital programs.

5.3 Flight Projects

Five NSBRI flight proposals began the NASA evaluation process in FY 2002. A principal
achievement of the Cardiovascular Alterations Team this year was the advancement to flight

evaluation and definition phase of the first NSBRI proposal in this area. The proposed
countermeasure is midodrine as a means to reduce postflight orthostatic hypotension. This

accomplishment was a team effort that included (a) animal studies that demonstrated that hind-

limb suspension leads to venous and arteriolar hyporesponsiveness, and in particular, to alpha-

sympathetic stimulation, (b) computer simulations that demonstrated that increasing venous and
arterial tone would be an effective countermeasure, and (c) human studies that demonstrated that

a single, small dose of midodrine was highly effective in increasing tolerance to tilt after 16 days
of bed rest. The human studies also demonstrated that cardiovascular system identification

measures obtained prior to bed rest can identify those individuals at greatest risk for orthostatic

hypotension following bed rest.

Midodrine has been used under a supplemental medical objective to date on one astronaut with a

history of severe postflight orthostatic hypotension. This individual took a single dose of

midodrine post flight and did not have any symptoms of orthostatic hypotension.



5.4 Research Program Partnerships

In addition to the core intramural research program, the NSBRI has developed a joint program
with the National Institute on Deafness and Other Communication Disorders that jointly funds

six competitively-awarded extramural grants related to the dynamic adaptation of central

vestibular function, an area of common interest. Appendix M gives project information for this

five-year joint program initiated in FY 1999.

The Institute also has international research affiliations with the Institute of Aerospace Medicine

of the German Aerospace Center (agreement signed in Cologne on January 21, 1998); the

Politecnico di Milano (framework agreement signed in Milan on April 29, 1999); the Institute for

Space Physiology and Medicine (MEDES) (agreement signed in Paris on June 16, 1999); and the
Institute for Biomedical Problems, Moscow (joint projects by contract in 1999 and 2000).

In FY 2002, there were valuable international exchanges. A partial list includes a visit by

principal investigators from three NSBRI teams to Germany to discuss ground-based research
efforts and a joint NASA/NSBR[ trip to Scotland to discuss collaborative opportunities in the

space life sciences with members of the Scottish Enterprises Forum.

5.5 Research Announcement

On October 31, 2001, NASA released solicitation NRA 01-OBPR-07 on behalf of three

programs, including the NSBRI (Appendix N). Fifty-one proposals were received by the NSBRI
and subsequently underwent peer review along with the other NASA proposals. Twenty-five

proposals were in the competitive range (a score of 70 or greater out of 100). Four proposals
were transferred to NSBRI from the NASA portion of the solicitation. Representatives of

NSBRI Senior Management attended the NASA selection meeting. All 29 proposals were

reviewed for programmatic relevance by appropriate NSBRI Team Leaders. A combination of

peer-review score and relevancy categorized the proposals, which were then prioritized by the

External Advisory Council for funding. Selection of new proposals will depend upon the FY

2003 budget.

In addition to research proposals submitted in response to the joint NASA/NSBRI solicitation,
Morehouse School of Medicine submitted a proposal for a fellowship program. The

establishment of an Institute fellowship program is a priority. The FY 2003 budget will

determine if this program can be launched. The Morehouse proposal is being forwarded to the
Institute's Board of Scientific Counselors for review.

6.0 EDUCATION AND PUBLIC OUTREACH PROGRAM

The Education and Public Outreach Team supports the NSBRI's mission by ensuring open

involvement in the Institute's activities by the scientific community, industry and the public, and

by ensuring a robust exchange with NASA. Activities target multiple and diverse populations
and aim to:

• inform a large community about NSBRI activities;

• attract young people to careers in science, engineering and medicine;

• promote excellence and innovation in America's science education system;
• increase scientific literacy among teachers, students, their families and the public; and

• create public awareness and appreciation of the opportunities and benefits of NSBRI's space
biomedical research.

and discoveries areThrough a variety of innovative programs, space research activities
transferred to teachers at levels K-undergraduate, students and the public.



The National Research Council's Committee on Undergraduate Education has challenged the

scientific community and institutions of higher learning to provide opportunities for professional

collaborations that create innovative inquiry-based, multidisciplinary courses and instructional

materials, to use the most sophisticated multimedia capabilities to disseminate new materials,

and to develop a seamless pipeline of minority-group science students. The NSBRI has

embedded this challenge in its education and public outreach mission.

Initially, education and public outreach activities were led by teams at three consortium
institutions: Morehouse School of Medicine, Texas A&M University and Baylor College of

Medicine. In response to a NSBRI Special Program Announcement issued in FY 2000, seven

projects were selected for funding to form the current Education and Public Outreach Team. In
FY 2002, the team has emerged as a national force by making presentations at national meetings

and collaborating with NASA's OBPR Education and Outreach group. The combined team
activities have reached 1,000 teachers and 100,000 students. Beyond the specific goals of each

project, the educators have a follow-on goal to produce at least one paper and presentation per
year. The NSBRI's emphasis on education and public outreach is consistent with the NASA

Administrator's priorities in education.

Appendix O gives the current NSBRI Education and Public Outreach project summaries. The

Team Progress Report appears in Appendix P. The progress correlates well with the strategic

plan for the team (Appendix B). A brief outline of each project follows.

Baylor College of Medicine

Baylor College of Medicine is producing and disseminating a series of teacher activity guides,
From Outerspace to Innerspace, that make NSBRI research areas relevant to young students and

allow students to investigate these topics. The guides are designed for grades 4-6.

Massachusetts Institute of Technology
The Massachusetts Institute of Technology is developing and evaluating two graduate-level

curricula and adapting these materials for undergraduate-level courses, to educate a generation of

scholars in space life sciences.

Morehouse School of Medicine
Morehouse School of Medicine is providing teacher professional development and student

educational opportunities by writing secondary-level problem-based cases, conducting a summer

research program and maintaining an NSBRI film archive.

Mount Sinai School of Medicine

Mount Sinai School of Medicine investigators are working with teachers and students in the New

York City area to develop a stand-alone curriculum that will use space biomedical research as a
theme to teach math and science.

Rice University (in collaboration with The University of Texas Medical Branch)

Led by researchers and educators at Rice University and The University of Texas Medical

Branch, high-school students spend a summer working in research laboratories and exploring the

life of a research scientist. The project also features a professional development opportunity for

secondary-school teachers that enhances their knowledge of space biomedicine.

Texas A&M University

Through the Teacher Academy, Texas A&M University is establishing a group of highly-trained
teachers recruited from across the nation. These Master Teachers will take what they learn about
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implementing space-based science curriculum and pass their skills and knowledge on to peers in

their own schools and regions.

University of Washington
Students in the University of Washington's Technical Communications program will have the

opportunity to interview NSBRI researchers as part of a science-writing course. Articles appear

in the magazine, Northwest Science & Technology.

7.0 MANAGEMENT

The NSBRI management structure was strengthened in FY 2002. Information on the

management structure is included in the Strategic Plan (Appendix A). In addition, the Institute
underwent a successful audit by the Department of Health and Human Services, Office of

Inspector General. The auditors complimented the NSBRI on its excellent records, business

practices and compliance with rules and policies.

7.1 Key Personnel

In November 2001, Dr. Jeffrey Sutton was appointed Institute Director. Dr. Laurence R. Young
became Senior Advisor to the Director. The roles of Dr. Bobby R. Alford, Chairman of the

Board and Chief Executive Officer, and Dr. Ronald J. White, Associate Director, did not change.

During FY 2002, the Team Leaders continued to function as the research or education and
outreach "program directors." Dr. Harry Charles assumed the leadership of the Technology

Development Team, with Dr. Jay Buckey, Jr., filling the position of Associate Team Leader. Dr.
Lawrence Crum became the Acting Team Leader for the Smart Medical Systems Team, replacing

Dr. Sutton, who became the Director.

One Principal Investigator changed in FY 2002. On the Technology Development Team, Dr.

Isaac Bankman of The Johns Hopkins Applied Physics Laboratory replaced Dr. Paul Bottomley

as the Principal Investigator for "Development of a Space Qualifiable MRI System."

7.2 Board of Directors

The current membership of the NSBRI Board of Directors appears in Table 2. Due to the

postponement of the second FY 2001 Board meeting slated for September 2001, the Board
convened three times in FY 2002. Two meetings were held in Houston and one in Washington,

D.C. Five new members were added, either filling a vacancy or replacing a member who stepped

down. New members included Dr. James B. Bassingthwaighte, University of Washington; Dr.

Susanne E. Churchill, Harvard Medical School; Dr. Theresa W. Fossum, Texas A&M

University; Dr. Alice P. Gast, Massachusetts Institute of Technology; and Dr. Kenneth I. Shine,

Rand Corporation. Board members stepping down included Aaron Cohen, Texas A&M

University, and Dr. Dennis Kasper, Harvard Medical School. Two members moved to Emeritus
status - Dr. J. David Litster, Massachusetts Institute of Technology and Dr. Torsten N. Wiesel,

Rockefeller University. Emeritus Member, Dr. Francis D. Moore passed away.

7.3 External Advisory Council

The current membership of the NSBRI External Advisory Council appears in Table 3. Due to

the postponement of its second FY 2001 meeting scheduled for September 13-14, 2001, the
Council met three times in FY 2002. The meetings occurred in Houston, San Jose and

Philadelphia. Dr. Robert Moore, University of Pittsburgh, and Dr. Warren Sinclair, National
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Council on RadiationProtectionand Management,steppeddown from the Council. Two new
membersjoined - Dr. TheodoreBerger,University of SouthernCalifornia, and Dr. Eileen
Hasser,University of Missouri-Columbia. Team Leaders submitted nominations to Senior

Management for new members in disciplines not represented or underrepresented on the current

Council. These positions will be filled in FY 2003.

Table 2. NSBRI BOARD OF DIRECTORS

Bobby R. Aiford, M.D. (Chairman)

Baylor College of Medicine

Thomas E. Andreoli, M.D.

University of Arkansas

College of Medicine

James F. Buchli

United Space Alliance

William L. Allen

National Geographic Magazine

James B. Bassingthwaighte,

M.D., Ph.D.

University of Washington

Susanne E. Churchill, Ph.D.
Harvard Medical School

Carl W. Anderson, Ph.D.

Brookhaven National Laboratory

Joseph V. Bonventre, M.D., Ph.D.
Harvard-MIT Division of

Health Sciences and Technology
Harvard Medical School

Michael E. DeBakey, M.D.

Baylor College of Medicine

Richard E. Ewing, Ph.D.
Texas A&M University

Theresa W. Fossum,

D.V.M., Ph.D.

Texas A&M University

Martha L. Gray, Ph.D.
MIT-Harvard Division of Health

Sciences and Technology
Massachusetts Institute

of Technology

Joseph P. Kerwin, M.D.

Wyle Laboratories

Alvin L. Kwiram, Ph.D.

Un iversity of Wash in gton

Martin J. Fettman, D.V.M., Ph.D.

(ex officio)
Colorado State University

Alice P. Gast, Ph.D.
Massachusetts Institute

of Technology

E. Nigel Harris, M.D.
Morehouse School of Medicine

Steven Knapp, Ph.D.
Tile Johns Hopkins University

J. David Litster, Ph.D.

(Emeritus)
Massachusetts Institute

of Technology

Alfred P. Fishman, M.D.

University of Pennsylvania

Health S_stem
Glen N. Gaulton, Ph.D.

University of Pennsylvania
School of Medicine

Richard J. Johns, M.D.

The Johns Hopkins University
School of Medicine

Jordan Konisky, Ph.D.
Rice University

Larry Mclntire, Ph.D.
Rice University

James W. Patrick, Ph.D. Peter Paul, Ph.D. Mary R. Rifkin, Ph.D.

Baylor College of Medicine Brookhaven National Laboratory Mount Sinai School of Medicine

Alan L. Schiller, M.D. Kenneth l. Shine, M.D. Walter W. Sullivan, Ph.D.

Mount Sinai School of Medicine Rand Corporation Morehouse School of Medicine

Jeffrey P. Sutton, M.D., Ph.D.

(ex _[licio)
Institute Director

Torsten N. Wiesel, M.D.

(Emeritus)

Rockefeller University

W. Dalton Tomlin

(Secretary/Treasurer)

Baylor College of Medicine

I. Dodd Wilson, M.D.

University of Arkansas for
Medical Sciences

Arnold N. Weinberg, M.D.

(Emeritus)
Massachusetts Institute of

Technology'
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Table 3. NSBRI EXTERNAL ADVISORY COUNCIL

Martin J. Fettman, D.V.M., Ph.D.

(Chairman)
Associate Dean for the

Professional Veterinary Medical

Program

Colorado State University

Ruth Benca, M.D., Ph.D.
Professor and Associate Chair

Department of Psychiatry

University of Wisconsin
Medical School

Thomas F. Budinger, M.D.,
Ph.D.

Professor and Chair

Department of Bioengineering
Lawrence Berkeley

National Laboratory

Thomas A. Fleisher, M.D.

Chief, Department of

Laboratory Medicine
National Institutes of Health

Amy Kronenberg, Sc.D.

Leon Alkalai, Ph.D.
Director

Center for Integrated

Space Microsystems
Jet Propulsion Laboratory

Theodore W. Berger, Ph.D.

Professor, Biomedical Engineering

University of Southern California

Dennis S. Charney, M.D.
Chief of Mood and Anxiety

Disorders Research Program
National Institute of Mental Health

Michael N. Gould, Ph.D.

Professor of Human Oncology

University of Wisconsin
Medical School

Charles B. Nemeroff, M.D.,

J. A. Anderson, Ph.D.

Professor of Cognitive and

Linguistic Sciences

Brown University

Hal E. Broxmeyer, Ph.D.
Scientific Director

Walther Oncology Center

indiana University
School of Medicine

Victor A. Convertino, Ph.D.

Research Physiologist

U.S. Army Institute of

Surgical Research

Eileen M. Hasser, Ph.D.

Professor, Veterinary Biomedical
Sciences

University of Missouri-Columbia

Group Leader

Radiation Biology and
Environmental Toxicology

Lawrence Berkeley

National Laboratory

Ph.D.

Professor and Chairman

Department of Psychiatry
Emory University

Lawrence A. Palinkas, Ph.D.

Danny A. Riley, Ph.D.
Professor of Cell Biology,

Neurobiology and Anatomy

Medical Collese of Wisconsin

Jeffrey P. Sutton, M.D., Ph.D.
(ex o[ficio)

Institute Director

Bill J. Yates, Ph.D.

Associate Professor of

Otolaryngology and Neuroscience

University of Pittsburgh

Irwin H. Rosenberg, M.D.
Professor of Medicine

and Nutrition

Tufts University

Ronald J. White, Ph.D.

(ex of/icio)
Institute Associate Director

F. Eugene Yates, M.D.
Professor of Medicine

University of California,

Los Anseles

Professor

Family and Preventive Medicine
University of California, San Diego

M. Rhea Seddon, M.D.
Assistant Chief Medical Officer

Vanderbilt University
Medical Center

Thomas J. Wronski, Ph.D.

Professor of Physiological Sciences

University of Florida
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7.4 Board of Scientific Counselors

The Board of Scientific Counselors did not change. Dr. Hal Broxmeyer is serving on the

Institute's Committee on Research and Technology Transfer.

7.5 User Panel

The User Panel membership was stable. Dr. Owen Garriott agreed to represent the User Panel on

the Institute's Committee on Research and Technology Transfer.

8.0 SUPPORTING PROGRAMS

Three programs, Industry Forum, Data Archive, and Communications and Outreach, support the
research and educational activities of the Institute. A summary of each program's activities in

FY 2002 follows.

8.1 Industry Forum

During FY 2002, the Industry Forum membership (Table 4) remained stable. The Forum
continues to be interested and involved in educating the Institute's investigators in the

management and protection of intellectual property. The group is seeking additional

representation from the biotechnology and pharmaceutical industries. InDyne, Inc., continued to

support the nsbri.com Web site containing the Industry Forum Web pages, and The Boeing

Company supported the Institute by providing graphic design for NSBRI public service ads and
for the NSBRI exhibit. Dr. Joseph Kerwin of Wyle Laboratories and Mark Wilson of The

Boeing Company will represent the Forum on the Institute's Committee on Research and

Technology Transfer.

Table 4. NSBRI INDUSTRY FORUM MEMBERSHIP

The Boeing Company

The Charles Stark Draper Laboratory

InDyne, Inc.

Lockheed Martin Astronautics

MBI International

Payload Systems, Inc.

Raytheon Technical Services Company

Roche Laboratories, Inc.

SGI

Southwestern Bell

United Space Alliance

Veridian

Wyle Laboratories
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8.2 NSBRI Data Archive

Established in FY 1998, the goal of the Web-based Data Archive system is to maintain an

appropriate, accessible archive of the data collected through NSBRI research projects. During
FY 2002, the Data Archive group assisted NSBRI HQ in deployment of the Institute's Electronic

Proposal Submission System. The system was utilized for the first time for proposals in response

to the NSBRI portion of NASA's NRA 01-OBPR-07 and will be used for all future NSBRI

research opportunities. The group brought on a Ph.D. to assist investigators in uploading data

products. Additional projects include work with NSBRI HQ to develop information systems for
NSBRI administrative data and the development of the Annual Project Report System to be

launched in FY 2003.

8.3 Communications and Outreach

The NSBRI Communications and Outreach Office develops and implements diverse

communications and outreach initiatives contributing to the successful accomplishment of the

NSBRI mission. The program identifies and targets messages to the NSBRI's key publics - the

public, the scientific community, industry, consortium members and NASA. Key activities in
FY 2002 included the continuation of a research-based news release program, the collaboration

with public affairs offices at numerous funded institutions to maximize news outreach related to

the FY 2002 NSBRI research program, meetings with JSC public affairs to increase awareness of

NSBRI activities, and an increase in media inquiries and news clippings related to NSBRI's

space-related research. In FY 2002, the Institute received 114 media inquiries compared to 94

inquiries received in FY 2001. Similarly, 204 newspaper, magazine or on-line articles mentioned

NSBRI, up from 121 the previous year. Since the NSBRI does not utilize a news clipping

service, the clipping figure is based on material received from reporters and other sources. Key

NSBRI research feature articles appeared in the New York Times, Los Angeles Times,

Highlights for Children, Dallas Morning News, Science, Nature, Miami Herald, Space.com,

Florida Today, Houston Chronicle, Fort Worth Star-Telegram and Seattle Times.

9.0 INSTITUTE DIVERSITY AND SCIENTIFIC COMMUNITY OUTREACH

The NSBRI continued its efforts to provide research announcements to a wide and diverse group

of potential investigators. Interested researchers can register on-line at www.nsbri.org for
NSBRI E-News announcements. The service had 386 subscribers at the end of FY 2002. In

addition, a postcard mailing announcing NSBRI's participation in NRA 01-OBPR-07 utilized

NASA's mailing list for announcements related to the life sciences. This list is the backbone of

all postcard mailings used to inform the community of NSBRI research announcements.

This year, as part of its outreach program, four minority undergraduate students participated in

the NSBRI Summer Research Program held at Morehouse School of Medicine. Participants
came from three different institutions, Morehouse College, Spelman College and University of

South Florida, and were selected from a national pool of 63 applicants.

Education and Public Outreach projects at Baylor College of Medicine, Mount Sinai School of

Medicine, Rice University and The University of Texas Medical Branch include

underrepresented minority students and teachers of those student groups. Summer programs for

15



high school studentsprovided researchexperiencesfor underrepresentedminority students.
While theseprogramsdo not excludenon-minority applicants,the programsdraw applicants
from schooldistricts that havelargeAfrican-American,HispanicandPuertoRicanpopulations.
Field testingof newNSBRI curriculummaterialsfor elementaryandsecondaryteachersoccurred
in areaswith high numbersof African-American,HispanicandPuertoRicanstudents.

The Institutecontinuedits summerinternshipprogramin cooperationwith JSC. The program
providestheopportunityfor undergraduate,graduateor medicalstudentsto join ongoingproject
activitiesat theJSC. AppendixQcontainsa list of theFY 2002participants.

Instituteinvestigators,TeamLeadersand managementcontinuedto reachout to the scientific
community through presentationsmade at symposiaand meetings. A partial list of these
presentationsis providedin AppendixK. A samplingof meetingsinvolving NSBRI participants
include: the SpaceTechnology and Applications InternationalForum - STAIF 2002, the
InternationalSpaceLife SciencesWorking Group Meeting, the International Workshop on
Behaviorand Performance,the Medicine and Mobility Congress,andthe 18 th National Space

Symposium. Preliminary discussions between NASA, NSBRI and the British National Space

Centre/Rutherford Appleton Laboratory, University College London, and the British Vice Consul

for Science and Technology were held in Houston in May 2002. Participants discussed

opportunities for possible future research collaboration.

10.0 SPECIAL PROJECTS

The Cooperative Agreement Management Plan between NASA and the NSBRI enables the

partners to undertake special projects outside of the core-funding envelope of the NSBR].
During FY 2002, four new projects were initiated and 12 projects were continued. Detailed
information on the four new projects and two projects that experienced change is provided.

Project 97-3, National ,Space Biomedical Research Institute Visiting Scientist�Research Associate

Program, continues to enable young and established university-based researchers an opportunity
to work side-by-side with government employees in JSC laboratories. Table 5 provides a list of

the participants in this program and other projects relating to Bioastronautics positions at JSC.

Project 01-3, Manager, ISS Internal Volume Configuration Working Group, continues to provide
an academically qualified and experienced Internal Volume Configuration Working Group

project lead to the Bioastronautics Office at JSC. The person in this position is responsible for
researching and analyzing systems engineering, human/machine interaction, configuration

management, and SHF/habitability control requirements and techniques and their effects on

habitability. To carry out this project, the NSBRI, in cooperation with JSC SHFHO

management, hired Todd Hellner to replace Laura Duvall in FY 2002.

Project 02-2, Space Human Factors (SHFE) Human Factors Data Base Development Pro/ect,

provides an academically qualified and experienced human factors practitioner and science
facilities leader to the Habitability and Human Factors Office. The person in this position is

responsible for coordinating across the scientific community and for performing human factors

research and analysis to structure the human factors database, to determine relationships between

knowledge captured and the Bioastronautics Critical Path Roadmap and existing human-systems

design standards, and to develop an updated set of human factors standards that will be useful to
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the world-wide community, in particular for the development of space missions. NSBRI, in

cooperation with the JSC Habitability and Human Factors Office, hired Dr. Frances E. Mount as

an independent contractor for this project in FY 2002.

Table 5. VISITING SCIENTIST/RESEARCH ASSOCIATE PROGRAM - FY 2002

Name

Jennifer Blnme, Ph.D.

Tatiana Christian

Johnny Conkin, Ph.D.

Dominick D'Aunno, M.D.

Laura E. Dnvall

Current Position

Assistant Professor

Senior Engineer

Assistant Professor

Assistant Professor

Lead Engineer

JSC Sponsor

Thomas Rathjen

Thomas Rathjen

Michael Gernhardt,

Ph.D.

Janice Meck, Ph.D.

Thomas Rathjen

(see Project 01-03)

Period

1/4/00 -

John N. Evanoff, Ph.D. Assistant Professor William Paloski, Ph.D.

Philip Foster, M.D., Ph.D. Assistant Professor Michael Gemhardt, 10/19/98 -
Ph.D.

Wendy Garner, Ph.D. Assistant Professor Janice Meck, Ph.D. 11/24/97 -

Todd Hellner Lead Engineer Thomas Rathjen 9/24/01
(see Project 01-3)

Meena Husein Manager, Data James Logan, Ph.D. 6/1/01 -
Administration

Ralph Krog Manager, Data James Logan, Ph.D. 9/17/01 -
Administration

Lawrence H. Kuznetz, Ph.D. Assistant Professor William Paloski, Ph.D. 8/20/01 -

Giles Manic, Ph.D. Research Associate Clarence Sams, Ph.D. 1/24/00 - 3/I/02

(see Project 97-3)

Ajitkumar Mulavara, Ph.D. Assistant Professor 8/20/01 -

John B. Peacock, Ph.D. Associate Professor

Michele Perchonok, Ph.D. Assistant Professor

Student InternLanny Rudner

Sudhakar Rajulu, Ph.D.

Lawrence Spector

Cary J. Zeitlin, Ph.D.

Assistant Professor

Jacob Bloomberg, Ph.D.

Thomas Rathjen

Thomas Rathjen

Donald Hagan, Ph.D.

(see Project 02-4)

Thomas Rathjen

Thomas Rathjen

Francis Cucinotta, Ph.D.

(see Project 02-3)

Lead Engineer

Co-Investigator

5/22/00 -

6/1/98 -

11/1/97 -

9/25/00 - 10/I 3/01

7/23/01 -

10/30/00 -

9/5/00 -

6/17/02 -

4/17/00 -

9/25/00 -

5/13/02 -

Project 02-3, Experimental Charged Particle Detector Radiation Project, provides an
internationally known expert in the area of experimental charged-particle detection to work with
the JSC Office of Radiation Health. Duties include providing leadership in designing, trouble-

shooting, calibrating and analyzing radiation detectors that measure the charge and energy of

heavy ions and protons in Mars orbit, in Earth-Mars transit, and on the International Space
Station. NSBRI, in cooperation with JSC management, hired Dr. Cary J. Zeitlin in FY 2002 and
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also appointed him as Co-Principal Investigator of the Experimental Charged Particle Detector

Radiation (MARIE) Project.

Project 02-4, Evaluation of In-Flight Daily Exercise of 1SS Crewmembers, provides a student

intern to evaluate ISS crewmember in-flight exercise data for exercise mode, frequency, duration

and intensity to determine the total amount of power expended per week. The power data will be

correlated with the preflight and postflight changes in bone mineral density, muscle size and

strength, orthostatic tolerance, and changes in aerobic capacity to determine the efficacy of the

exercise prescription. The second specific task is to perform data analysis on the development of

the Artificial Gravity Project. To carry out this project, the NSBRI hired Lanny Rudner, a first-

year medical student at Baylor College of Medicine, in FY 2002.

Project 02-5, Experimental Radiation Biologist, provides an experimental radiation biologist to

work with the JSC Radiation Biophysics Laboratory and the Space Radiation Health Project

(SRHP). The person in this position will provide leadership in developing new methods in

cytogenetics, biomarkers and studies of genomic instability. Duties include developing protocols

for understanding the origin and outcome of clonal aberrations found in blood samples,

supporting the biodosimetry activities ongoing in the Radiation Biophysics Laboratory and

coordinating the research integration efforts of the SRHP. Recruiting efforts were initiated for

this position at the end of FY 2002.

1 1.0 FUTURE DIRECTIONS

As the Institute moves forward in partnership with NASA to develop countermeasures to

mitigate biomedical risks and ensure the health and safety of astronauts on long-duration

missions, it will be necessary to increase collaborative efforts between the NSBRI and NASA.

The research teams will require increased presence of medical operations personnel, NASA

engineers and flight surgeons. Productivity metrics need to be introduced, based in part on

outcomes models to meet requirements for various length missions. To this end, a driving force

for NSBR! countermeasure development should be NASA's increasing emphasis on the Clinical

Status Examination and its associated requirements for astronaut health and safety.

NASA is currently writing its Strategic Plan for Bioastronautics, and it will be important that the

Institute's Strategic Plan be consistent and complementary to the NASA plan. Moreover, both

volumes of the NSBRI Strategic Plan will be presented to the External Advisory Council for

critiques. The Council will require added members, and the Board of Scientific Counselors will
be reconstituted. The User Panel will be engaged as the Institute moves forward with

developments at higher countermeasure readiness levels. The Committee on Research and

Technology Transfer, along with the Industry Forum, will also be more active in supporting the

applications of new discoveries and technologies for space and Earth.

The tactical implementation plan will depend on the actual FY 2003 budget. It is a priority to

support the ongoing research program, as well as to fund several new proposals and launch the

fellowship program. Approximately one-half of the research projects will turn over in FY 2004.
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It is critical that the solicitationfor FY 2004,which will likely be releasedin coordinationwith
NASA in early2003,betargetedto ensurethesuccessof theTeamStrategicPlans.

Thetermsof theTeamLeaderswill expire in FY 2004,andit is importantthattheTeamLeader
Guidelines be completed,reviewed through the External Advisory Council and Board of
Directorsandthenforwardedto NASA, to bring closureto oneof thetopicsraisedin theReview
of theNational SpaceBiomedicalResearchInstituteStrategicResearchPlan. A specialcall for
TeamLeaderapplicationswill likely accompanythe2003researchproposalsolicitation.

In addition to TeamLeaderGuidelines,severalotherdocumentsandpolicieswill bedeveloped
and/orclarified. Forexample,it will behelpful for investigatorsto knowthevariouspathwaysto
flight for their scientificandtechnicalprojects.

The Institute will continue to emphasizeeducation and public outreach,communications,
bioinformatics,dataarchiving, integrationof its activities and diversity. With a commitment
from NASA of a stablebudgetand the possessionof a bold forward-lookingvision with the
peopleand resourcesto meetthe Institute'sgoalsandobjectives,FY 2003holdsgreatpromise
for theNSBRIandits NASA partnerin spacelife sciencesandcountermeasuredevelopment.
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1. EXECUTIVE SUMMARY

The National Space Biomedical Research Institute (NSBRI) is a unique, non-profit scientific partnership

established in 1997 following competitive selection by the National Aeronautics and Space

Administration (NASA). Within its first five years, and in collaboration with the Johnson Space Center

(JSC), the NSBRi has made enormous progress in initiating and implementing strategies to meet its

mission, goals and objectives as set forth in its Cooperative Agreement Notice.

The NSBR1 has engaged and coordinated outstanding academic, industrial and government researchers

and educators in a team-based effort to develop countermeasures to reduce the significant health risks

associated with human space travel. It has leveraged and added value to the resources of the nation's

leading biomedical research institutions, NASA facilities and industry. Looking forward, the NSBRI is

well positioned to efficiently and effectively conduct ground and critical in-flight studies of high

relevance and impact for NASA, with tangible benefits for the American people.

Over the next five years, the NSBR! plans to build on its strengths and fill gaps in three interconnected

Strategic Programs that allow its mission to be achieved. These Programs are the:

• Countermeasure Research Program

• Education, Training and Outreach Program

• Cooperative Research and Development Program

In this Strategic Plan, current strategies, identified gaps and proposed modifications, and the resource

requirements to maintain momentum in a changing program environment at NASA are described for each

of the Programs. Program integration, combined with an efficient administrative infrastructure, yields a

bold plan that is science driven and in accord with the President's Management Agenda.

This Plan lays out the requirements for a baseline program, as well as an augmentation plan to full)

implement the lnstitute's strategies for thc next fivc years.
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2. INTRODUCTION

2.1. PURPOSE

The purpose of this document is to present the strategic plan and associated organizational structure that

the NSBRI will utilize to achieve the defined mission and objectives provided by NASA. Much of the

information regarding the background and establishment of the NSBR! by NASA has been provided in

other documentation and will not be repeated in this Strategic Plan.

This Strategic Plan is presented in two volumes. Volume I (this volume) begins with an Introduction

(Section 2) that provides the Institute's NASA-defined mission and objectives, and the organizational

structure adopted to implement these through three Strategic Programs: Countermeasure Research;

Education, Training and Outreach; and Cooperative Research and Development. These programs are

described in Sections 3 to 5. Each program is presented in a similar way, using four subsections: Goals

and Objectives; Current Strategies; Gaps and Modifications: and Resource Requirements. Section 6

provides the administrative infrastructure and total budget required to implement the Strategic Programs

and assures that they form a single cohesive plan. This plan is science driven and is in accord with the

President's Management Agenda. Following this plan will ensure continued success of the Institute for

the next five years.

Volume II of the Strategic Plan provides an in-depth analysis of the current and future strategic programs

of the 12 cux:rent NSBRI teams, including their goals, objectives, mutual interactions and schedules.

2.2. MISSION

In June 1996, NASA released a Cooperative Agreement Notice (CAN) inviting proposals to establish a

National Space Biomedical Research Institute (9-CAN-96-01). This CAN stated that:

The Mission of the Institute will be to lead a National effort for accomplishing the

integrated, critical path, biomedical research necessa_ to support the long term human

presence, development, and exploration of space and to enhance life on Earth by applying

the resultant advances in human knowledge and technology acquired through living and

working in space. The Institute will be th....Sefocal point of NASA sponsored space biomedical

research.

This statement has never been amended by NASA and remains the mission of the National Space

Biomedical Research Institute.

2.3. COMPETITIVE SELECTION

The institute, now called the NSBRI (or "'Institute"), was selected by NASA in March 1997 following a

tx_;o-phase, competitive reviev+' of proposals received in response to the CAN. Seven academic

institutions (Baylor College of Medicine, Harvard Medical School. The Johns Hopkins University School

of Medicine and Applied Physics Laborato%'. Massachusetts Institute of Technology. Morehouse School

t A separate Progress Report provides additional information related to the Institutc's actix ittc,s, including current mcmbcrshtp in
NSBRI's boards and advisor+_ panels. It also summarizes progress of the NSBRI since the Site Visit Reviex_ Report of the
National Space Biomedical Research Institute in 2000
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of Medicine,RiceUniversityandTexas A&M University) made up the initial consortium governing the

NSBRI.2 Baylor College of Medicine is the lead institution and houses the NSBRI Headquarters.

On April 14, 1997, the NSBRI became chartered in the State of Texas as a not-for-profit 501(c)3

corporation. After a 60-day definition period, on May 29, 1997, NASA and the NSBRI signed a

Cooperative Agreement (NCC-9-58) and Cooperative Agreement Management Plan with NASA JSC.

2.4. OBJECTIVES

The CAN specified eight objectives that the NSBRI should fulfill in order to accomplish its mission.

These are listed below. For ease of reference in this document, these objectives are numbered and given a

brief description.

Objective 1. Knowledge Integration and Risk'Evaluation

Integrate the knowledge base relevant to the biomedical response of humans in space,

including understanding the risk levels associated with this knowledge base, and to

recommend acceptable risk levels for long-duration missions. Risk levels in this context

relate to the medical risk to the human participants as a result of deleterious effects of

space flight, as well as to the subsequent risk to overall mission success.

Objective 2. Countermeasure Development

Develop and manage the implementation of a research plan that will lead to the required

knowledge and technologies (across all biomedical and associated technological

disciplines) for long-duration human space flight, including specific countermeasures

where required.

Objective 3. Science Management Plan

Develop and provide a science management process that will support the overall human

in space biomedical research program.

Objective 4. Scientific Knowledge Dissemination
Ensure the dissemination of advances in knowledge resulting from this program to the

scientific community.

Objective 5. Science Community Access

Facilitate science community access to the NASA space infrastructure associated with

biomedical research.

Objective 6. Industry Partnerships

Promote and provide active collaboration with for-profit entities to ensure that developed

technologies are transferred to the private sector.

Objective 7. Research Optimization

Implement a "best value" research program for the available resources.

Objective 8. Education and Public Outreach

Conduct educational and outreach programs consistent with the Institute's mission.

-_ In 2000. the consortium membership expanded from seven to t_el_c inslitulions Ibllo_ing a competiti_ c rc_iex_ process, lhe

additional members are Brookhaven National Laborator). Mount Sinai School of Medicine. [ini_ crsit) of Arkansas for Medical

Scienccs, I lnl_ersit 3 of Pennsylvania Health System and [lnivcrsit 3 of \Vashinglon. Sec Guideline 8 ( Section 2.5 )
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2.5. AUGMENTATION GUIDELINES

In March 1999, as NASA and the NSBRI prepared an augmentation plan that NASA would submit to

Congress as part of the President's budget plan for FY 2001, NASA provided guidelines to the NSBRI

concerning expected growth and strategic modifications if the augmentation were approved. These

guidelines included:

Guideline 1. Original Team Growth

Strengthening the original research teams by increasing the number of tasks/team and

opening participation to the entire academic community.

Guideline 2. New Team Formation

Identification and initiation of new discipline research teams (i.e., neurobehavioral and

psychosocial health); Initiation of new integrated research teams (i.e., nutrition, physical

fitness and rehabilitation; integrated human function); and Increased focus on crew health

(i.e., smart medical systems).

Guideline 3. Space Flight

Initiation of space flight studies.

Guideline 4. Critical Path Roadmap

Increased emphasis on and potential management of the Critical Path Roadmap.

Guideline 5. Education and Public Outreach Expansion

Expansion of original education and outreach program, consistent with Institute growth.

Guideline 6. Training Program

Development of graduate and postdoctoral training programs.

Guideline 7. Data Consolidation

Increased emphasis on space biomedical data collection, evaluation, and consolidation.

Guideline 8. Consortium Growth

Growth in consortium membership through open competition.

The augmentation for FY 2001 was approved.

2.6. STRATEGIC PROGRAMS

A gap analysis was carried out by comparing the status of current NSBRI activities with both the original

Institute objectives, as specified in the CAN (Section 2.4), and the augmentation guidelines, defined in

1999 (Section 2.5). The result of this analysis led to the present Strategic Plan, which is designed to

continue activities, and to fill existing gaps, in order to achieve the CAN objectives and augmentation

guidelines through measured growth and development over the next five years. This approach involves

three interconnected Strategic Programs:

• Countermeasure Research Program (Section 3)

Designed to accomplish all or part of Objectives 1, 2, 3, 4, 5, 6 and 7 and follow Guidelines 1.2,

3, 4 and 7.

• Education, Training and Outreach Program (Section 4)

Designed to accomplish Objectives 4, 5 and8 and follow Guidelines 5 and 6.

• Cooperative Research and Development Program (Section 5_

Designed to accomplish all or part of Objectives 1, 2, 3, 4, 5, 6 and 7 and follow Guidelines 3, 6,

7 and 8.
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The Countermeasure Research Program is a core program that enables the Institute to achieve its primary

goal. The Education, Training and Outreach Program is also a core program that allows the Institute to

accomplish its secondary goals. The Cooperative Research and Development Program is a non-core

program that enhances the other two programs and allows the Institute to accomplish additional goals.

The goals of the Institute, listed by Program, are to:

• Primary Goal - Countermeasure Research Program

Lead an integrated research effort focused on development of countermeasures that eliminate,

ameliorate, or mitigate the biomedical risks of long-duration space flight, that enable safe and

productive exploration and development of space and that improve healthcare on Earth.

• Secondary Goals - Education, Training and Outreach Program

• Develop coordinated, multi-institutional graduate and postgraduate training programs

designed to produce the next generation of space biomedical researchers.

• Transfer the medical and biomedical findings of space research to the scientific

community, the home and the classroom, particularly by stimulating interest in the space

life sciences in students of all ages across the entire spectrum of diversi_,.

• Additional Goals - Cooperative Research and Development Program

Create mechanisms for integrating knowledge and technologies, addressing operational

requirements early in research development and translating discoveries for possible

commercialization.

These programs, and their associated goals, build on the strategies that have been utilized during the first

five-year period of the Institute's operation; yet they allow the Institute to maintain momentum in a

changing program environment at NASA. For example, while the focus of the human space program has

shifted recently from exploration-class missions beyond low-Earth orbit to extended-duration missions in

low-Earth orbit, the lnstitute's Countermeasure Research Program remains relevant, and provides for

effective and efficient structure and flexibility. Priorities and risk understanding and mitigation

concerning human space flight will undoubtedly continue to change, and this has been factored into the

strategic planning for this and the other Programs over the upcoming five-year period.

The three Strategic Programs are described in detail in separate sections (Sections 3 to 5). There is

coordination and added value among the Programs, enabling the Institute as a whole to carry out its

mission with high impact for NASA. Figure 1 shows how the programs are interconnected through the

Institute's organizational structure. In describing each Program. Sections 3 to 5 each contain four parts:

• Goals and Objectives;

• Current Strategies and how they are addressing the CAN objectives and augmentation guidelines:

• Gaps and the resulting Modifications to strategies required to address the gaps: and

• Resource Requirements to implement the proposed strategies

2.7. PROGRESS AND VALUE

During the first five-year period, NASA and the NSBRI have planned, initiated and demonstrated that an

integrated and multidisciplinary team approach to space biomedical research, engaging the best of the

scientific community to collaborativelv develop know, ledge and technologies that lead to effective

countermeasures, is a successful model. In five short years, the NSBRI has moved from a paper concept

to a world leader in applied space biomedical research. The Institute has made substantial progress
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towards achieving many of its objectives and has brought a new focus into some areas of research. The

endeavor is no longer an experiment, but represents a proven paradigm shift in how NASA can

successfully implement a program to significantly advance biomedical research for the human space

program, as well as support the President's Management Agenda. The lnstitute's mission remains of high

priority, as stated in the International Space Station Management and Cost Evaluation Task Force report

(November 2001 ), which was "unanimous in that the highest research priority should be solving problems

associated with long-duration human space flight."

Figure 1. NSBRI Organizational Structure

(Strategic Programs shown in red)
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In going forward, the NSBRI seeks to build on the unique value it brings to NASA, including:

• A new approach to scientific management that successfully integrates some of the best aspects

of research management by NASA and other federal agencies such as the National Institutes of

Health (NIH) and the Department of Defense (DoD). This is accomplished by integrating peer-

reviewed research projects by individual scientists in medicine, biology, physics and engineering

into focused programs, with the scientists working together in teams to solve high priority

biomedical problems for NASA. Those teams include the members from NASA's intramural

science program and are connected directly to NASA's operational activities in medicine and

health-related areas.
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• Rapid development of countermeasures by research teams of exceptional scientists led by

outstanding scientists/managers who coordinate efforts and foster collaborations and integration

within and between teams, to achieve solutions that might not be obtainable by a single project or

within a single team.

• Demonstrable achievements delivered ahead of schedule, capitalizing on the team approach, on

leveraging and on the use of capabilities not obtainable by alternative government or privately

sponsored sources.

2.8. CORRESPONDENCE WITH THE PRESIDENT'S MANAGEMENT AGENDA

The NSBRI is an outstanding example of how a private, goal-directed scientific enterprise, which engages

the academic community and resources of the nation's leading research institutes, can partner with

government (i.e., NASA) to rapidly achieve outstanding results at low relative cost, and with significance

for the human space program and the American people. NASA has therefore aggressively embraced the

elements of the President's Management Agenda in the establishment of the NSBRI. This Strategic Plan

ensures that the elements of the President's Management Agenda are implemented as follows:

Strategic Management of Human Capital The NSBRI is a private entity that engages outstanding

researchers to work together on coordinated and integrated teams to solve problems of high priority for

NASA without adding a single civil servant to the government payroll.

Competitive Sourcing The competitively-selected NSBRI provides an excellent example of how

government can outsource a results-driven program to take advantage of distributed expertise, and

improve the quality, and reduce the time to development, ofdeliverables.

Improved Financial Performance - The NSBRI has a streamlined accounting process operating with

minimal bureaucracy, a handful of personnel and cost savings through master agreements that apply more

money for direct research expenditures.

Expanded Electronic Government - Almost all bttsiness transactions among the distributed institutions.

including grant proposal submissions, are conducted electronically.

Budget and Performance Integration - The NSBRI is task oriented _ith tile ability to shift resources, as

guided by the prioritization of projects to risk mitigation, as set forth by the NASA Critical Path Roadmap

and by the assessment of Countermeasure Readiness Levels and Countermeasure Development Phases. 3

These terms are explained in Scctton 3.
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3. COUNTERMEASURE RESEARCH PROGRAM

3.1. GOALS AND OBJECTIVES

Nearly all the CAN objectives and more than half of the augmentation guidelines provided to the NSBRI

by NASA relate directly or indirectly to countermeasure research. Those objectives and guidelines

include the following:

Objective 1. Knowledge Integration and Risk Evaluation

Objective 2. Countermeasure Development

Objective 3. Science Management Plan

Objective 4. Scientific Knowledge Dissemination

Objective 5. Science Community Access

Objective 6. Industry Partnerships

Objective 7. Research Optimization

Guideline 1. Original Team Growth

Guideline 2. New Team Formation

Guideline 3. Space Flight

Guideline 4. Critical Path Roadmap

Guideline 7. Data Consolidation

The NSBRI intends to accomplish these objectives and follow these guidelines by making the NSBRI's

primary goal to lead an integrated research effort focused on development of countermeasures that

eliminate, ameliorate, or mitigate the biomedical risks of long-duration space flight, that enable safe and

productive exploration and development of space and that improve healthcare on Earth.

3.2. CURRENT STRATEGIES

3.2.1. Overview

When the Institute was created, a strategy was implemented in order to fully accomplish the original CAN

objectives. Although it was impossible to accomplish thosc objectives within the originally specified

budgetary profile, it was possible to develop a sciencc management approach that enabled the NSBRI to

contribute to focused areas of countermeasure development. When the budget was increased, and the

NSBRi's research portfolio increased in breadth and depth, it became clear that the NSBRI was

establishing itself as a unique national resource within the human space program. Over the next five

years, the Institute intends to build upon its successful strategy for developing countermeasures using a

set of coordinated and integrated methods that have been designed, tested and proven in the lnstitute's

first five years. These methods are described in this section relative to tile CAN objectives and

augmentation guidelines listed above.

3.2.2. Critical Path Roadmap

Within the first year of the lnstitute's existence, NASA and the NSBRI used their new partnership to

jointly develop the Critical Path Roadmap (CPR). _ ]his formal, controlled document identifies and

4. The CPR is provided as a separate document accompanying this .";,tratcgic Plan lhc CPR is also a_ailable online at

http://crilicalpath.jsc nasa.go_
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makes publicly known the biomedical risks of space flight and the research questions that must be

answered to reduce those risks. The CPR is directly relevant to several of the CAN objectives and

augmentation guidelines, particularly to Objective 1 (Knowledge Integration and Risk Evaluation) and

Guideline 4 (Critical Path Roadmap). The CPR is an interdisciplinary approach to the assessment and

management of the risks associated with long-term exposure to the space environment. It is derived from

an overarching general strategy that integrates requirements, risks, risk factors, critical questions, tasks,

deliverables, and risk mitigation with the intent of directing biomedical research in support of human

space flight. The CPR is based in part on recommendations from internal NASA experts, NSBR!

scientists, advisory, committees, task forces, and published reports such as the National Research Council

Space Studies Board's "A Strategy for Research in Space Biology and Medicine in the New Century," as

well as numerous other reports.

The current CPR is a product that has identified 55 risks, which are categorized into four groups: I, 11, I11

and IV, 1 being the most severe. The risks are rank-ordered, based on their severity, within each of the 12

discipline areas underlying the CPR. Additionally, the risks are associated with 343 critical questions,

where 250 are unique, reflecting both the breadth and interactive nature of each of the risk areas (see

Table 1 for an example of a typical critical question list).

Table 1. Example of a Chart from the CPR
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3.2.3. Countermeasure Readiness Levels

NASA has developed a scale to define, assess, and quantify the level of"countermeasure readiness." The

use of this Countermeasure Readiness Level (CRL) scale allows NASA and the NSBRI to determine how

each funded research project fits into the countermeasure development "flow" and to monitor progress in

countermeasure development, in keeping with certain aspects of Objective 2 (Countermeasure

DevelopmenO and Objective 3 (Science Management Plan). Figure 2 illustrates the CRL scale, which

describes the level of scientific maturity of countermeasure research, from the fundamental studies that

suggest potential countermeasures, to studies that allow the systematic evaluation and validation of

countermeasures ready for operational implementation.

Figure 2. Countermeasure Readiness Levels
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3.2.4. Countermeasure Development Phases

Although CRLs represent a useful management tool for the general NASA biomedical research program,

the NSBRI has found that a complementary scale provides additional insight for managing its program of

countermeasure development. That scale, termed Countermeasure Development Phases (CDP). has only

six levels and is defined in Figure 3. Most NSBRI research activity takes place in phases one to three. In

Volume 11of this Strategic Plan, each research team uses this scale to show their schedule of progression

to final operational countermeasures.

I0



NationalSpaceBiomedicalResearchInstitute StrategicPlan

Figure 3. Countermeasure Development Phases
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3.2.5. Countermeasure Development Strategy

To achieve Objectives 2 (Countermeasure Development), 3 (Science Management Plan) and 7

(Research Optimization), the NSBRI follows a strategy invol_ring five distinct, but related, steps in

developing and managing a focused, integrated research program culminating in operational

countermeasures:

I. Identification of research needs and determination of priorities:

2. Open solicitation, peer review and selection of research prqiects:

3. Implementation of integrated research program:

4. Evaluation of program and projects for

• Quality and productivity,

• Progress towards defined countermeasure goals and deliverables.

• Operational relevance and contribution to an evidence-based approach to space medicine,

and

• Applicability to Eartl_-related problems: and

5. Programmatic optimization based on evaluation outcome.

The Institute carries out all of these steps, as depicted in Figure 4. using a special team-based integrated

research infrastructure originally proposed and implemented in 1997. This approach has demonstrated its

effectiveness during the first five vears of NSBRI's existence, by enabling higher and higher levels of
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countermeasure readiness to be achieved in each of the Institute's research areas, and by drawing

outstanding new investigators to space-related problems.

Currently, the NSBRI's biomedical research program is implemented through nine discipline research

teams: Bone Loss; Cardiovascular Alterations; Human Performance Factors, Sleep and Chronobiology;

Immunology, Infection and Hematology; Muscle Alterations and Atrophy; Neurobehavioral and

Psychosocial Factors; Neurovestibular Adaptation; Nutrition, Physical Fitness and Rehabilitation; and
Radiation Effects. A tenth Institute team, Smart Medical Systems, aims to allow for health assessment

and evidence-based medical care support for the astronaut in flight, reducing the risks associated with

the occurrence of medical events during the mission and optimizing medical countermeasures. An

eleventh team, Technology Development, provides a strong technological base for the research program

on Earth and in space. The Smart Medical Systems and Technology Development Teams relate closely to

the activities of the discipline teams. Three of these teams (Neurobehavioral and Psychosocial Factors;

Nutrition, Physical Fitness and Rehabilitation; and Smart Medical Systems) were instituted in FY 2001 in

order to fulfill augmentation Guideline 2 (New Team Formation).

Figure 4. Countermeasure Development Strategy
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3.2.6. Team Strategic Plans

Each of the research teams carries out a countermeasure-focused research program containing individual

projects tied tightly together by a Team Strategic Plan. These plans are contained in Volume II of this

Strategic Plan. These plans unify and guide each team's research program and summarize the steps that

the teams are taking to develop the specific countermeasures required to eliminate, ameliorate and/or

mitigate the biomedical risks in question. They also provide the schedule each team intends to follow in

completing their tasks. These team strategic plans represent one of the major research management tools

of the Institute and contribute significantly to achieving Objectives 1 (Knowledge Integration and Risk

Evaluation), 2 (Countermeasure DevelopmenO, 3 (Science Management Plan), 5 (Science Community

Access) and 7 (Research Optimization).

In each team's Strategic Plan, there are, among other things:
5

• Identification of the CPR risks addressed by the team;

• Listings of risk-based goals and non-risk based goals addressed:

• A description and evaluation of the current program:

• Objectives and strategic activities for each goal, with clearly delineated objectives of how and when

each goal will be accomplished: and

• An executive summary.

Table 2. Example of Project Research Activities from Team Strategic Plans

(Cardiovascular Alterations Team)
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In the case of the ]echnohLe 3 De_elopmenl learn, thc identification concerns technological nccds of the other teams ralhcr
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nccd._ to advance the research of the Institute.
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Table 3 summarizes some of the integration activities of the Smart Medical Systems Team, which has

multiple collaborations in core modeling efforts, systems engineering for the design of common

(reconfigurable) hardware platforms that will support and integrate multiple medical sensors and

effectors, and pathways to the biotechnology, medical device and pharmaceutical industries. All teams

have integration activities for internal communication, experimental development, sample sharing,

synergistic studies of opportunity and participation in the development of a systems model of integrated

human function.

In the Institute, countermeasure development is accomplished by answering critical questions in a timely

manner using a logical, science-driven strategy, with ongoing dissemination of advances in knowledge

to the scientific community through publication and other means, contributing to the accomplishment of

Objective 4 (Scientific Knowledge Dissemination). An example of the time course of objectives and

strategic activities to accomplish goals for the Muscle Alterations and Atrophy Team is provided in Table

4.

Table 4. Example of Time Course of Objectives and

Strategic Activities to Accomplish Goals

(from Team Strategic Plans - Muscle Alterations and Atrophy Team)
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Many steps may be required to identi_ where in the physiological cascade of events to apply

countermeasures and what form countermeasures should take. These steps, which may include

performing basic research to decipher the mechanisms underlying the hazardous physiological changes

induced in a microgravity environment and preliminary testing of candidate countermeasures on animal

or human models of microgravity, are part of the distinct phases of countermeasure development (see

Figure 3). As the countermeasures mature, the level of integration among the various countermeasure

candidates increases through the sharing of protocols and data, and through common modeling and

technological approaches. Ultimately, the performance and effectiveness of the Institute Countermeasure

Research Program is assessed, in part, by the research teams" abilities to reduce the severity and number

of risks in the CPR through countermeasure development in a given period of time, thereby achieving

Objective 2 (Countermeasure DevelopmenO.

3.2.7. Institute Science Management

Managing the NSBRI's ongoing focused research program involves the cyclical steps described in

Section 3.2.5 and shown in Figure 4, augmented by periodic NASA-sponsored reviews. This section

summarizes the lnstitute's Science Management Plan, designed to satis_ _ Objective 3 (Science

Management Plan). For an overview of the Institute's management structure, see Figure 1

3.2.7.1. Evaluation of Current Program and Determination of Programmatic Needs

Program evaluation is an ongoing process involving several distinct steps. First, the institute's Board of

Scientific Counselors annual I1' evaluates the quality, productivity and progress of each project and of each

research team as a whole. 1"his evaluation is provided to NSBRi senior management and the External

Actvisory Council (EAC), team leaders, and investigators, as appropriate. Second. at its semiannual

meetings, the EAC advises senior management of the effectiveness of the research program and of

corrections necessary to fill gaps related to the CPR. Third, when countermeasure strategies have reached

a sufficient level of maturity, the User Panel, consisting of present and former astronauts and flight

surgeons, evaluates the operational suitability of the resulting countermeasure. Fourth, the lndust_'

Forum, provides advice to Institute managemem concerning tile applicability and suitabili_ _ of new

technologies tbr Earth benefit. Finally, at its semiannual meetings, tile Institute Board of Directors

reviews the major fiscal and programmatic issues confronting the Institute and provides advice and

direction to senior management on necessary high-level actions. _'

In order to develop a fully independent assessment of NSBRI's programs and activities, NASA intends to

carry out a series of external reviews. While the Cooperative Agreement specifies that NASA would

conduct a major review at the end of the third year of each live-year term, it was a recommendation of the

Site Visit Report of the National Space Biomedical Research Institute in 2000 that there be separate

NASA reviews of the teams every three to five years, as well as the Institute-wide third year reviews.

Table 5 presents a projected review schedule for all of these various reviews. The entries in tile table

show how many times per year. over the next five years, that the teams and the Institute as a whole will

be reviewed. Note that the NASA reviews include all teams over the first three years (2003 - 2005) and

reviews the Institute as a whole in 2006. No NASA reviews are conducted in 2007, but the cvcle of

NASA reviews begin again in FY 2008. The culmination of these evaluations will identit_ strengths and

_' A complete lisling of membership on these expert panels is provided in the Appendix 4 of the accompanx mg I'rogrcss Reporl
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weaknesses in the program. This is important in linking performance and budget, and filling gaps in the

program with open solicitation of proposals in focused research areas, as appropriate.

Table 5. Review Schedule for Teams and for the Institute as a Whole

BL

CVA

HPF

IIH

MAA

NPF

NVA

NPFR

RE

SMS

TD

EO

NSBRI

FY 2003 FY2004 FY 2006 FY 2006 FY 2007

EAC BOD BSC NASA EAC BOD BSC NASA ]EAC BOD BSC NASA EAC BOD BSC NASA EAC BOD BSC NASA

2 1 1

2 1 1

2 1 1

2 1

2 1

2 1

2 1

2 1

2 1 1

2 1

2 1

2 1

2 2 2 2

1 2

1 2

1 2

1 1 2

1 1 2

1 2

1 1 2

1 2

1 2

1 2

1 1 2

1 2

2 2

1 2

1 2

1 2

1 2

1 2

1 1 2

1 2

1 1 2

1 2

1 1 2

1 2

1 1 2

2 2

2 1

2 1

2 1

2 1

2 1

2 1

2 1

2 1

2 1

2 1

2 1

2 1

2 2

Teams

BL - Bone Loss

CVA - Cardiovascular Alterations

HPF - Human Performance Factors

IIH - Immunology, Infection and Hematology

NSBRI - Institute as a whole, including management

Review Panels

EAC - External Advisory Council

NASA - NASA External Rewews

MAA - Muscle Alterations and Atrophy

NPF - Neurobehaworal and Psychosocial Factors

NVA - Neuroveshbular Adaptation

NPFR - Nutrition, Physical Fitness and Rehabihtation

BOD - Board of D_rectors

RE - Radiation Effects

SMS - Smart Medical Systems

TD - Technology Development

EO - Education and Outreach

BSC - Board of Scientific Counselors

3.2.7.2. Selection of Research Projects and Investigators

Institute research is recruited through the use of open solicitations to the entire biomedical community In

general, if available funds permit, these solicitations would be issued annually by the Institute, either

alone or in partnership with NASA, and would be focused on the gaps and issues identified in the

evaluation process discussed above. Thus, the research solicitation would have the rclative priorities of

the various Institute elements built into it. The review and selection criteria would be spelled out clearly

in the research announcement and diversity would be encouraged. This assures the potential involvement
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of any member of the scientific community in the lnstitute's program and optimizes the NSBRI's ability

to recruit outstanding biomedical researchers to lead and participate in the research program. 7

Research proposals have been and would continue to be reviewed by independent peer panels of experts.

Those scoring within the competitive range are assessed by the appropriate Team Leader(s) for

programmatic relevance. Then, each Team Leader recommends selection options to NSBRI senior

management, who are responsible for selection.

The solicitation, review and selection process is fully coordinated with NASA to avoid inappropriate and

wasteful duplication of effort, and to assure programmatic alignment. If NASA and the NSBRI are

utilizing a single NASA Research Announcement (NRA) to recruit investigations for their programs, then

it is also important that all aspects of the joint solicitation process be coordinated to ensure uniformity,

fairness and program optimization for all parties, with the aim of supporting the most meritorious

proposals that meet both NASA's and the NSBRI's requirements.

The NSBR! is aware that Team Leaders play a pivotal role in the success of the Institute. They are

required to be practicing scientists with funded Institute projects, as well as manage their teams. Their

expertise and "hands-on" approaches add value across projects and across teams. While the Team Leaders

are not responsible for the executive decisions regarding team composition, their vision and input can be

valuable in strategic directions that the teams take in carrying out their tasks. They must therefore be

protected from any real or apparent conflicts of interest, especially with respect to inputs that may

influence, either directly or indirectly, team selection by NSBRI senior management. The goal is to

maintain the highest level of fairness, integrity and credibility for all investigators, including the Team

Leaders, as well as for the Institute and tbr NASA.

These issues have been discussed among the NSBRI senior management, Team Leaders and EAC

members. The Institute plans to obtain recommendations on this matter, as well as the issue of Team

Leader selection (Section 3.2.7.3) from an outside committee of experts. This activity will be completed

in a timely manner, namely early in FY 2003, to enable thc Team Leaders and others to be av,'are of the

approach and criteria that will be used in future selections.

3.2.7.3. Team Leader Selection

As noted in the previous section, Team Leaders play an important role in the management of the

Institute's research program. Up to now, Team Leaders have been identified by NSBRI senior

management based on recommendations from the Board of Directors. Most, but not all, of the current

Team Leaders are from consortium institutions.

3.2.8. Current Program Funding Levels and Prioritization

The original Institute research program consisted of three-year projects that began ill October 1997 (FY

1998) and ended in September 2000. After much discussion between NASA and the NSBRI. it was

NSBRI investigator accolades include the Nobel Prize m Ph3siolog_ or Medicine. membership in the National Academies and

Chair of the NASA Biological and Physical Research Advisor3. Committee, ]_he NSBRI Director and 5 of I I (45°,ol of the

research qeam Leaders are M.I).-Ph.D. scholars. In total, there arc more than 26(I investigators {_vith diverse expertise in

medicine, biologs, chemistry, physics, engineering, space flight _c.g.. Iormcr astronautsL etc.) from academia, government and

industr 3 invol_cd in 88 ground based research projects and 7 education and outreach projects, with funding at 75 institutions
across 21 states. More than 58% of the PIs arc not from consortium member institutions and 53 are ne_ investigators to NASA.

[:i_e flight proposals have been received [br definition and feasibilit) reticles.
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agreed that the program would be enlarged in October 2000 (FY 2001) and the NSBRI released two,

open, competitive research announcements. These announcements followed 12 intensive workshops

involving the external community. One announcement was to expand the original teams by (on average)

doubling the number of projects, and the other to add new teams to the Institute. Flight projects were
included in both solicitations. These actions followed augmentation Guidelines 1 (Original Team

Growth), 2 (New Team Formation), and 3 (Space FlighO. The current research program involves eleven

teams, ranging in size from 3 to 12 projects, with an average of 8 projects/team. A breakdown of team

research support is shown in Figure 5.

Most of the current research projects were initiated during FY 2001 and will be completed during FY

2004. The annual budgetary requirement to support the 88 current ground-based projects is approximately

$25.6 M. However, the amount available during FY 2002 for project support was only $19.8 M, with an

additional $0.6 M of contingency funds having been set aside to support five candidate flight proposals

received in 2000 (they are presently undergoing final selection review).

Figure 5. Current Distribution of Team Funds for Ground Research (2002)

(Millions of Dollars)
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3.2.9. Research Optimization

The Institute science management plan and countermeasure development strategy implement a "'best

value" program for a given set of resources, per Objective 7 (Research Optimization). The program is

focused by the CPR, by the Team Leaders. and by the annual NSBRI revie_s. It involves high caliber

investigators from some of the best biomedical research institutions in the nation, including a significant

number of investigators from well-funded, productive laboratories. In addition, the NSBRI program is

built upon institutional infrastructure already developed within the biomedical research communib.

allowing research to be carried out at a substantially reduced rate if that infrastructure had to be developed

again. This, coupled with the strong productivit3 of the investigators, argues strongly that the NSBRI's

research program is a "best-value'" program, thereby fulfilling this objective.
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3.3. GAPS AND MODIFICATIONS

This section discusses the level to which the current program strategy addresses the CAN Objectives and

augmentation guidelines, and presents the required modifications to the current program in order to

effectively address any gaps that exist.

3.3.1. Funding Gap to Support the Current Program

Since the remainder of this section addresses the ability of the current NSBRI countermeasure research

program to achieve the CAN Objectives, it is important to discuss the potential gap between the current

program and the minimal program that NASA has notified the Institute it might have in FY 2003. in

April 2002, NASA notified the NSBRI that:

The current anticipated funding profile for the Core budget for years 6-10 is as follows, but is

subject to change dependant on the outcome of the aforementioned discussions:

FY03 - $16.179M

FY04-FY07 - $10M/year

The current program was selected in FY 2001 when the NASA budget profile for the Institute was

approximately $30 M/year and that is still the approximate cost of supporting the current program. In FY

2002, NASA reduced the Institute's budget to $22.1 M, but the Institute had a one-time unexpended

balance of $3.7 M that it could use to reduce the problem to one that could be dealt with through a 25%

reduction in the research program. Although this had a significant impact on tile Institute's ongoing

operation, this level of one-time reduction could be absorbed through three-month no-cost extensions

applied to most projects, without descoping the current program.

However, if a reduction of the $30 M program to $16.2 M occurs in FY 2003, with no unexpended

balance carryover from previous years, then the current program could not survive. In fact, the current

strategy involving eleven research teams focusing on the CPR would no longer be viable, particularly if

the ultimate budget level for FY 2004 - 2007 is $10 M. This amount ($10 M/year) was the initial funding

level of the Institute, and it soon became ve_ clear that this funding level was incompatible with the

scope of the Institute's mission. That fact ultimately became tile foundation for the NASA Bioastronautics

budget augmentation request to Congress for the NSBRI for FY 2001. a request that was granted then. but

is currently being re-evaluated.

The remainder of this section provides evidence that even the current program of approximately $30

M/year is inadequate to achieve the entire set of CAN Objectives. Thus, a $16 - 10 M/year Institute

program would have a significantly reduced scope from the current program and would be able to achieve

even fewer of the CAN Objectives.

3.3.2. Countermeasure/Risk Gaps.

The countermeasure development strategy discussed in Section 3.2.5, and illustrated in Figure 4. together

with the Institute science management plan, discussed in Section 3.2.7. have provided an effective

approach to recruiting the scientific community to work together to reduce the health risks associated with

space flight. The detailed team strategic plans in Volume I!. with their clear goals and defined schedules.

demonstrate the utility of this approach, and work towards achieving Objectives 2 fCountermeasure

Development) and 3 (Science Management Plan). Itowever. the current program has two important

limitations: (1) not all risks are addressed and (2) most countermcasures _ill take about ten years to

develop at the current rate of funding.
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Table 6 summarizes the coverage of the risks in the CPR by the current NSBRI program. Note that the

current team research cover less than 80% (43/55) of risks in the CPR. Furthermore, not all 43 of these

risks have entire research projects aimed at developing countermeasures to mitigate their effects. The

coverage of critical questions is even less. Thus, there is not only room for program expansion in terms

of number of risks covered, but perhaps more importantly, in terms of resources used to expeditiously

develop countermeasures to mitigate risks with high likelihood, high consequences and low mitigation

status.

The second limitation of the current program is the long development time associated with the individual

countermeasures. This is due, to a significant extent, to limitations in funding that prohibit certain

activities to proceed in parallel. Increases in team funding that would permit progressive funding of

promising research paths and investigation of multiple critical questions at the same time by different

investigators working together. These enhancements should enable some research to move forward at a

faster pace, allowing more rapid convergence to operational countermeasures.

Table 6. Mapping Between NSBRI Research Teams and CPR Risks Addressed

NUMBER OF

RESEARCH TEAM UNIQUE RISKS CPR RISK NUMBERS

Bone Loss 4 9, 10, 11. 12

CV Alterations 5 13, 14, 15, 16, 17

Human Perf Factors 1 19

Imm. Inf & Hem 5 22.23, 25.26.27

Muscle AIt & Atrophy 5 28.29, 30, 31.32

Neurobehav, Psychosoclal 3 t 8.20.21

Neurovestibular Adaptation 5 33, 34.35, 36.37

Nut. Phys Fitness & Rehab 3 7.54.55

Radiation Effects 5 38, 39, 40, 41, 42

Smart Med Systems 6 43, 44, 45, 46, 47.48

Tech Development N/A

1 49 (cross-risk)

TOTAL 43

3.3.3. Team Member Selection

As pointed out in Sections 3.2.7.2 and 3.2.7.3, there is a gap in the procedures for team selection that

expose the Team Leaders to a potential conflict of interest. Moreover, there is a need to make the Team

Leader selection process more transparent. Since the Team Leaders" NSBRI grant support generally runs

out in September 2003, there is an opportunity to develop guidelines concerning their selection. An expert
outside committee w'ill be convened to examine these issues and make recommendations to NSBRI senior

management.

21



National Space Biomedical Research Institute Strategic Plan

3.4. RESOURCE REQUIREMENTS

3.4.1. Baseline Research Program

The current NSBRI research program consists of 88 tasks grouped into I1 teams. The total annual

requested budgets for all of these activities amounts to $26.2 M. Thus, the average team consists of eight

tasks with a total budget of approximately $2.4 M. An average single project has a budget of

approximately $300 K. These averages will be used to estimate project costs in this plan.

A close examination of the tasks in the current research program reveals that it is possible to reduce

program costs by approximately $2.4 M to $23.8 M (about 9%) without impacting the current scope and

CPR risk coverage significantly. This, then, represents the true baseline, or critical mass, for the current

research program.

This is an appropriate minimal level of support for the current program for at least three reasons:

1. The level of support maintains a commitment by NASA and the NSBRI to a strong collaborative

partnership with the academic research community, giving confidence to those outstanding

scientists that have been recruited through an open, competitive solicitation to participate in a

new and unique research program designed to solve important space biomedical problems;

2. The level of support represents the cost of a minimal team effort that addresses the most severe of

the space biomedical risks. Reducing this minimal program in an5' significant way' would

concomitantly reduce the effectiveness of the lnstitute's countermeasure strategy', and

3. The level of support represents the minimal funding required to fund the current team strategic

plans (Volume ll)that are designed to produce sound, fuudamentally based countermeasures over

the next eight to ten years. Significant reduction of support will interrupt tile flow of planned

team activities and the schedules in major ways.

Thus, the baseline NSBRI research program w.ill begin at $23.8 M for FY ,000. A small annual program

cost increase (2%) is included to account for the effects of inflation. The budget plan for the baseline

program is shown in Table 7.

3.4.2. Budget Augmentation

In Section 3.3.2, it was pointed out that the current countermeasure development program has two

important limitations, namely not addressing many significant risks in the CPR, and taking approximately

ten years to fully develop most countermeasures. A minimal approach to dealing with these limitations is

to gradually increase the number of projects supported, increase support for highly successful projects and

factor in increasing costs as countermeasures move through the phases of development.

The NSBRI has received 51 project proposals in response to the joint NASA/NSBRI Research

Announcement (NRA 01-OBPR-07) that was issued on October 31. 2001. These proposals have been peer

reviewed and 24 are in the competitive range for selection. A modest selection from this group would

involve six projects, and at an average budget of $300 K/year. This would lead to a budget of $I .8 M for

FY 2003. Once again, a small annual program cost increase is included to account tot the effects of

inflation.

After FY 2003, a fiat growth rate of $2.5 M/year x_ill lead to addition of approximately' eight projects/year

to the Institute's research portfolio. This is minimally sufficient to allow the program to increase scope or

depth by adding projects, or by' "'fast-tracking'" high payoff projects (with appropriate merit review).
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Table 7. Countermeasure Research Program Budget Plan

(Millions of Dollars)

Baseline Program

Research Program Augmentation

FY

2002

19.8

FY FY FY FY FY

2003 2004 2005 2006 2007

23.8 24.3 24.8 25.3 25.8

1.8 4.3 6.9 9.4 12.0

TOTAL 19.8 25.6 28.6 31.7 34.7 37.8
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4. EDUCATION, TRAINING AND OUTREACH PROGRAM

4.1. PROGRAM GOALS AND OBJECTIVES

Many of the NASA-provided CAN objectives and augmentation guidelines apply to the Education,

Training and Outreach Program. They include:

Objective 4. Scientific Knowledge Dissemination

Objective 5. Science Community Access

Objective 8. Education and Public Outreach

Guideline 5. Education and Public Outreach Expansion

Guideline 6. Training Program

Associated with these objectives and guidelines are the following NSBRI secondary goals:

• To develop coordinated multi-institutional graduate and postgraduate training programs designed

to produce the next generation of space biomedical researchers; and

• To transfer the medical and biomedical findings of space research to the scientific community,

the home and the classroom, particularly by stimulating interest in the life sciences in students of

all ages.

4.2. CURRENT STRATEGIES

The Institute has created a strong basis for education, training and outreach during its first five years and

plans to build further on this foundation over the next five years. Scientists, professional educators, and

NSBRI management personnel work together to car_ out these current-and ongoing activities.

4.2.1. Education and Public Outreach Team

The mission of this NSBRI team is to communicate the significance and excitement of space life sciences

to local, national and international audiences, while transferring and disseminating knowledge gained via

the biomedical advances achieved by the NSBRI Research Teams. This mission is being accomplished

through an integrated array of programs focusing on students and educators at the primary, secondary

and undergraduate levels, as well as the general public. In this regard, the Team works towards CAN

Objectives 4 (Scientific Knowledge Dissemination), 5 (Science CommuniO' Access) and 8 (Education

and Public Outreach),

The Team's Strategic Plan is available, along with the Research Team Plans, in the Supporting

Documentation (Volume ll). 8 The team currently consists of seven projects that were selected following

external peer review. There are focused team objectives that address five maior programmatic goals.

These goals were developed jointly by Team partners, in coordination with the NSBR! leadership, and are

to:

• Design and conduct a variety of teacher professional development programs to help teachers

understand space life sciences and change their practices and behaviors to improve the learning

experiences they provide students.

• Develop curricular materials that:

Rcccn! accomplishments of the 1cam are also provided in _hc accompanying Progress Rcporl
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• spantheeducationalcontinuum.
• arealignedwithnationalsciencestandards.
• provideaccurate,balanced,effectiveandinquiry-basedinstruction.
• expandstudents'understandingof on-goingNSBRIresearch.

Increasescienceliteracyandpublicawarenessof thereal-lifeimpactsof NSBRIresearchthrough
media,informalscienceactivities,directmailingsandmagazinestories.
Promoteeducationalaccessandcareerawarenessinspacelife sciencefieldsamonghighschool
andundergraduatestudentsaswellashighschoolteachers.
IntegrateNSBRl-focusedteacherprofessionaldevelopment,curricularmaterials,scientific
literacyinitiatives,and educationaland careeraccessactivitiesamongall projectson the
EducationalandPublicOutreachTeam,otherNSBRITeams and public venues.

The Education and Public Outreach Team is well aligned and engaged in activities with the Educational

Outreach Program of the Office of Biological and Physical Research. The Team's activities and progress

are monitored within the NSBR! by the EAC, BOD and BSC according to the schedule laid out in Table

5. The same Table also provides the timetable for external review of the Team by NASA.

4.2.2. Professional Development and Training for Scientists and Engineers

Training of scientists and engineers beyond the undergraduate level is necessary to broaden and diversi_ _

the future workforce in space biomedical research and operations. With its strong national academic base

of 75 funded institutions, and an outstanding governing consortium of academic institutions of higher

learning, the NSBRI possesses one of the strongest collective entities for focused biomedical training in

the country.

Currently', the NSBRI supports two programs in Professional Development and Training. Short Research

Internships have been, and will continue to be, offered at the NSBRI. NASA field centers and Industry

Forum member laboratories to train advanced undergraduates, graduate students and medical students ill

the specific techniques of space biomedicine. This program has been in existence since the beginning of

the Institute.

This Visiting Scientist Program actively recruits visiting senior scientists to spend up to one 3'ear at any

of the Institute campuses, at JSC, or at an Industry Forum member facility and participate in ongoing

research activities. Access to all laboratories in the Institute is open to these scholars to encourage

interactions between Institute investigators, JSC scientists, and scientists outside of the Institute. A special

part of this program focuses on providing opportunities for JSC scientists to spend sabbaticals at the

Institute and other laboratories and for Institute scientists to spend sabbaticals at JSC and elsewhere. The

lntergovernmental Personnel Agreement program provides a well-established mechanism for such

exchanges and will continue to be used as appropriate.

4.2.3. Scientific Community Outreach

The Visiting Scientist Program is one way to reach out to professionals involved or interested in space

biomedical research. Other strategies include hosting major symposiums, didactic continuing education

conrses and space-related sessions at general scientific meetings, such as meetings of the American

Association for the Advancement of Science. FASEB, the Societ\ for Neuroscience and the American

Medical Association. These outreach sessions, begun in 1998. address Objectives 4 (Scientific'
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Knowledge Dissemination), 5 (Science Community Access) and 8 (Education and Public Outreach),

and seek to involve a mixture of scientists and astronauts in describing the biomedical problems of space

flight in a way that the state of the field can be understood by the community at large.

4.2.4. Community Education and Public Outreach

Through public information, the Institute will continue to promote scientific literacy and share with a new

audience an appreciation for the opportunities that space life sciences research presents. The NSBRI will

continue to develop a multimedia approach to reaching out to diverse populations of the general public

with information related to the mission and activities of the Institute (Objective 8).

This is being accomplished by continuing its use of a NSBRI Headquarters-based public relations plan to
facilitate the dissemination of the biomedical advances made by 9

• Institute researchers

• Continued development of the award-winning NSBRI World Wide Web site

• A national outreach program with PBS television

• Magazine stories that disseminate space biomedical knowledge

• Hands-on museum exhibits

• The preparation of exhibits for scientific and industrial events

• Brochures for public distribution

• Continued development of personal contacts with space and science reporters.

4.3. GAPS AND MODIFICATIONS

4.3.1. Funding Gap for Education and Public Outreach Team

The downturn in the NSBRI budget affected all the teams, including the Education and Public Outreach

Team (Section 3.3.1 ). The Team's reduced budget of 25% had significant impact on its ability to carr3. _out

its mission. Many teachers who had planned on participating in the program _ere unable to do so because

of the budget reduction.

4.3.2. New Program Opportunities

There is an opportunity to introduce high impact programs for Professional Development and Training for

Scientists and Engineers and expand current strategies listed in Section 4.2.2. These programs would not

only foster the Institute in meeting Objectives 4 (Scientific Knowledge Dissemination), 5 (Science

Communi_' Access) and 8 (Education and Public Outreach), but would provide strengthened ties to the

Countermeasure Research Program, with its Objectives I to 7. The added support of Professional

Development and Training for Scientists and Engineers would therefore cut across all the objectives of

the Institute (Section 2.4) and is viewed as a critical Institute endeavor. Moreover, the expansion in this

area is consistent with overall NASA strategy, wherein the Administrator has made education a priority.

The NSBRI is strategically well positioned in this area. based on the fact that the Institute is comprised of

an academic consortium, with leading teachers and professors engaged in a variety of scholarly pursuits

with diverse students at all levels.

" Details are provided in the accompan3 ing Progress Report
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New NSBRI programs under development include the following:

• Summer Graduate Training Program - Starting in 2003, the NSBRI plans an 8-10 week

intensive program in Space Biomedicine at JSC and nearby research laboratories. Designed to

accommodate 15 to 20 graduate students, the program will include morning lectures and afternoon

laboratories, and will be taught by members of the different NSBRI research teams and JSC

personnel, including astronauts.

• Postdoctoral Fellowship Program - Beginning in 2003, the Institute plans a competitive

postdoctoral program providing two years of support for 10 to 15 new fellows each year. Prospects

must propose new and independent research ideas and protocols in space biomedical research.

Fellows must be associated with a well-established and funded laboratory group carrying out

research that is appropriate to the NSBRI's mission. A panel of leading, non-NSBRI scientists in

space biomedicine will select fellows on the merit of their applicant proposals.

• Graduate Student Fellowship Program - In 2004, the Institute plans to create a nationally

competitive program similar to the postdoctoral program above, in this case, however, students

must work with NSBRl-funded investigators on some facet of their ongoing research. Selection will

be based on merit and the likelihood of success in a graduate program.

• Space Biomedical Curriculum - The Institute plans to expand its efforts in the development of

graduate courses in space biomedicine. These courses will involve a "knowledge station" that

allows learners to interact with curricular materials via state-of-the-art information technology and a

physical platform designed to facilitate human interaction and learning.

4.4. RESOURCE REQUIREMENTS

As in the determination of resource requirements in Section 3.4, any requirements are based on

assumptions and ultimately driven by NASA.

4.4.1. Baseline Education, Training and Outreach Program

The current NSBRI Education, Training and Outreach Program consists of the seven peer-reviewed tasks

making up the Education and Outreach Team, a small public relations office at NSBRI Headquarters. a

small program of summer research internships, and a Visiting Scientist Program at Johnson Space Center.

The total annual budget for the team tasks is $1.8 M, with an average single project budget of about $260

K/year. The total cost of the public relations office is approximately $200 K/year. The summer internship

program costs about $30 K/year for 10 students, while NASA funds the Visiting Scientist Program

separately.

Although the focus of the Education and Outreach Team is teacher training and curriculum development

for elementary and high school, projects also include college undergraduate and graduate course

development and community outreach. The Headquarters public relations office is extremely important

to the NSBRi, enabling important direct communication links to various normal and scientific news

organizations. The summer internship program is a Io_v cost, high return program that the Institute has

maintained since its first year of existence.

All of these tasks and activities are vital to the NSBRI, to NASA. and to the Nation. Any reduction in

fimding to this important program would have unfortunate negative consequences. Therefore, the baseline

program will maintain the current program's full funding level. A small annual budgetary increase (2%)
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is included to account for the effects of inflation. The budget plan for the baseline program is shown in

Table 8.

4.4.2. Budget Augmentation

Section 4.3 identifies a number of new NSBRI activities, but not all of them require additional funds

beyond the baseline program. The Institute strategy in this area is to: enhance the current Team program

slowly, at the rate of two projects/year, beginning in FY 2004. at an annual cost of $250 K/project;

develop a new Institute two-year postdoctoral fellowship program beginning in FY 2003; develop a new

Institute three-year graduate student program beginning in FY 2004: and develop a new summer graduate

training program beginning in FY 2003.

The two-year postdoctoral fellowship program will select 15 students/year beginning in FY 2003.

Estimated costs for this program are $700 K for FY 2003 and $1.4 M thereafter. The three-year graduate

student program will select 20 students/year beginning in FY 2004. Estimated costs for this program are

$650 K for FY 2004, $1.3 M for FY 2005, and $2.0 thereafter. We expect both of these programs will be

larger than this because of support from industrial partners. Both of these programs will be managed for

the Institute by Morehouse School of Medicine. The summer graduate training program, beginning in FY

2003, will last eight weeks and competitively select 20 already enrolled graduate students/summer.

Estimated costs for this program are modest, amounting to approximately $100 K/year.

Table 8. Education, Training and Outreach Program Budget Plan

(Millions of Dollars)

Baseline Program

Education Team Augmentation

Postdoctoral Fellows Augmentation

Graduate Fellows Augmentation

Summer Training Augmentation

TOTAL

FY FY FY FY FY FY

2002 2003 2004 2005 2006 2007

1.5

1.5

2.0 21 2.1 2.2 2.2

0.5 1.0 1.5 2.0

0.7 14 1.4 1.4 1.4

0.7 1.3 2.0 20

0.1 0.1 0.1 0.1 0.1

2.8 4.8 5.9 7.2 7.7
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5. COOPERATIVE RESEARCH AND DEVELOPMENT PROGRAM

5.1. GOALS AND OBJECTIVES

The goal of the Cooperative Research and Development Program is to create mechanisms for integrating

knowledge and technologies, addressing operational requirements early in research development and

translating discoveries for possible commercialization. To achieve this goal, the following CAN

objectives and augmentation guidelines are relevant:

Objective 1. Knowledge Integration and Risk Evaluation

Objective 2. Countermeasure Development

Objective 3. Science Management Plan

Objective 4. Scientific Knowledge Dissemination

Objective 5. Science Community Access

Objective 6. Industry' Partnerships

Objective 7. Research Optimization

Guideline 3. Space Flight

Guideline 6. Training Program

Guideline 7. Data Consolidation

Guideline 8. Consortium Growth

Unlike the Countermeasure Research Program and the Education, Training and Outreach Program, the

Cooperative Research and Development Program is not a core program. Its function is to facilitate the

activities of the other two (core) programs in ways that enhance the overall effectiveness of the Institute

in achieving its mission.

5.2. CURRENT STRATEGIES

5.2.1. Data Integration and Archiving

In addition to generating countermeasures that focus on certain biomedical risks, the NSBRI's research

program as a whole, in conjunction with NASA's o_vn ground-based and space-flight research activities,

generates valuable data sets. These data are used to develop a sufficient understanding of human function

to enable a reliable evaluation of an astronaut's current health and a pi:ediction of the effect(s) of

individualized countermeasures or medical treatments on future health. This requires the development of

quantitative and sophisticated models and techniques, leading to structured planning for adequate and

timely responses to medical and psychological challenges in space.

The NSBRI has initiated a strategic effort based at its Headquarters and at JSC to coordinate and fully

develop a central institute/NASA modeling and data system, in accordance with Objectives 1 (Knowledge

Integration and Risk Evaluation) and 2 (Countermeasure Development) and Guideline 7 (Data

Consolidation). This activity cuts across the Institute's research teams (see Volume II) and aims at

producing an integrated repository of medical and research data for the scientific communits, including

appropriate access to NASA's flight data archive. This initiative advances progress to meet Objectives 4

(Scientific Knowledge Dissemination) and 5 (Science CommuniO' Access).
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5.2.2 Translational Research for Space Medicine

The NSBRI's Countermeasure Research Program is a results oriented, cooperative venture with NASA,

that has a developmental pipeline summarized by the CDPs of Figure 3. To foster success through

countermeasure development phases (Objective 2 - Countermeasure DeveiopmenO), it is important to

engage the consumers of such NSBRI deliverables as knowledge, interventions and new technologies,

early in the developmental process. Moreover, it is mutually and strategically advantageous to have

interactive clinical involvement between the NSBR1 and the Space Medicine and Health Care Systems

Office at JSC. This activity provides NSBRI participants with exposure to the space medicine operations

environment, where the countermeasures ultimately have to work (Guideline 3 - Space Flight). At the

same time, the interactions provide the flight surgeon and astronaut communities with exposure to

NSBRI-provided NASA extramural expertise, in line with Objectives 1 (Knowledge Integration and Risk

Evaluation), 2 (Countermeasure Development), 4 (Scientific Knowledge Dissemination) and 7

(Research Optimization) and Guidelines 3 (Space Flight) and 7 (Data Consolidation).

In addition to linking NSBRI research and development to the Space Medicine communi_' for clinical

reasons, it is also important to establish links to ensure that technological advances are able to interface

with engineering and human factors constraints and platforms. Operational considerations built in early in

the CDP evolution with ensure more favorable outcomes and increase the probabili_' of NSBRI

countermeasure developments actually being used to mitigate health risks in space (Objective 2 -

Countermeasure Development and Guideline 3 - Space FiighO.

While the NSBRI Countermeasure Research Program (Section 3) is a peer-reviewed program supported

by NASA, the joint NASA - NSBRI initiative ill space medicine.just described is operationally driven.

_:ith the goal of advancing the field of space medicine. To this end. the emphasis is on direct clinical

applications of countermeasures to space medicine and the translational requirements, results and

resources needed to prepare investigations for clinical readiness ill a flight environment.

5.2.3. Partnerships

This supporting activity recognizes that the NSBRI shares many of its goals and objectives with

established elements of the world's scientific and technological establishment and that the limited

resources of the NSBRI can be increased through effective partnerships. Clearly NASA has and continues

to be a strong Institute partner. The NSBR! also has and continues to develop and maintain partnerships

with other federal agencies, including the institutes of the NIH (e.g., National Institute on Deafness and

Other Communication Disorders) and elements of the DoD. The strategy is to enable appropriate

discussions and collaborations directed at facilitating rapid transfer of research findings on analogous

medical problems, achieving aspects of Objectives 4 (Scientific Knowledge Dissemination), 5 (Science

Community' Access) and 7 (Research Optimization).

in addition to strategic relationships with federal partners, the NSBRI "has productive and appropriate

partnerships with scientific and academic institutions and organizations, industry and international

organizations. Developing and nurturing such partnerships are the responsibilities of eve_' part of

NSBR[. There is no one group designated to carry out this activity. It is singled out here to emphasize the

central role that such activities should play in the future. The partnerships span all three Strategic

Programs of the lqstitt, te and help in building community cceptance for space research and space

medicine as emerging disciplines. In some instances, these have led to expansion of tile lnstitute's

consortium, through open competition (Guideline 8- Consortium Growth).
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5.2.4.Industry Forum

The members of the NSBR! Industry Forum are representatives of space and biomedically-related

industries who keep the Institute in touch with the industrial community and aid in technology transfer. I°

The Forum serves as a mechanism for achieving Objective 6 (Industry Partnerships), largely through an

advisory role rather than providing active participation in technology transfer of NSBRi research for

earth-based spin off advances. Recently, the Industry Forum members have expressed an interest in a

more active role in technology transfer and in supporting graduate and post-doctoral fellowship training

(Section 4.3.2).

5.3. GAPS AND MODIFICATIONS

5.3.1. Risk Evaluation

In addition to knowledge and data integration activities described in Section 5.2.1, the Institute plans to

address the risk evaluation component of Objective 1 (Knowledge Integration and Risk Evaluation) by

expanding its efforts with NASA in several areas. One area concerns coordinated efforts among JSC, the

NSBRI, NASA's Office of Space Flight and Office of Biological and Physical Research, and the Chief

Health and Medical Officer, to work on the:

• Top-level mission requirements for Crew Health and Safety from the Office of Space Flight:

• Status of research deliverables from the Office of Biological and Physical Research. including the

NSBR1; and

• Risk mitigation stoplight charts for preparedness.

These efforts address Objective 7 (Research Optimization) and Guideline 3 (Space Flight). They are

important because they allow the NSBRI to contribute to a NASA-wide initiative to have one overarching

risk mitigation program. Moreover, the Institute is best prepared to have impact in meeting Objectives 1

(Knowledge Integration and Risk Evaluation) and 2 (Countermeasure DeveiopmenO if the high

likelihood, high consequence risk with Io_ risk mitigation status health concerns are adequately

supported in prioritizing research efforts.

Part of the challenge in adequately assessing risk is to continue, and to enhance, the integration of data

and to adjust the CPR accordingly. ['his activity builds on Section 5.2.1. The NSBRI's activities in this

area occur through coordinated initiatives between N SBR! Headquarters and JSC (Section 5.2.1 ) and with

the NSBRI research teams (Strategic Plan Volume II). However, there are two gaps.

First, it is important to develop, in partnership with NASA, a comprehensive, integrated and systematic

risk management approach applicable to space flight crews. In pan, this means developing a quantitative

risk assessment and management model similar to that used to estimate risk level in various Earth

populations engaged in endeavors with risk. The Institute has begun to explore this approach with the

Baylor College of Medicine Risk Management Department and consultants from indust_' (Objectives 1

(Knowledge Integration and Risk Evaluation) and 6 (Industr), Partnerships), and Guidelines 3 (Space

FlighO and 7 (Dam Consolidation).

Second, it is important to form advanced data systems for archiving space life sciences information from

human missions dating back to Skylab and to make the information available to the scientific communit 5.

in accord with Objectives 4 (Scientific Knowledge Dissemh_ation) and 5 (Science Community Access),

and Guideline 7 (Data Consolidation).

_' A lisl of NSP,RI lnduslr? lorum members is provided in Appendix 4 I of Ihc accompan 5 ing Progress Report.
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5.3.2. Capitalizing on Industry Partnerships

To formalize the process of transferring technology, developed in whole or part with NASA/NSBRI

support, the Institute plans to work with the Industry Forum to establish an intermediary entity to foster

further development, application and potential commercialization of promising research deliverables

(Objective 6 - Industry Partnerships). There are a number of venture models in current practice that

successfully bridge the gap between academic discovery, with protection of intellectual property, and the

process of due diligence, licensing and concept/seed support to establish feasibility and potential

commercialization of a product driven by technological innovation and market forces.

Some of the services required of an intermediary commercial entity are:

• Creation of a formal process to perform early due diligence on NSBRI discoveries prior to or

following protection of intellectual property' through investigators' institutions:

• Establishment of a pipeline to bring potential nev, discoveries into the evaluation process;

• Development of an expert panel of advisors, who work as part of or with the Industry Forum, to

assess commercialization potential of innovations:

* Possible seed or matching support to augment government investment in NASA/NSBR1 research

and technology (countermeasure) development:

• Licensing of promising discoveries, either individually or in partnership with others, to move

innovation(s) out of the academic, and into the industrial, area: and

• Sharing of entity support, risk and gain by members of the Industr 5' forum and others who invest

in the effort.

5.4. RESOURCE REQUIREMENTS

5.4.1. Program Resources

Data integration and archiving activities described in 5.3.1. are anticipated to increase over time at a rate

of approximately $200 K per annum, as countermeasure research generates more data and there is further

bilateral sharing of information, including astronaut health data, bet_cen the NSBRI and JSC. In response

to the risk management gap, it is proposed to initiate a small, focused risk modeling effort in FY 2004.

This effort, budgeted at $500 K ['or the first two years and $600 K for the next two years, would explore

the feasibility of using Earth-based risk models to estimate space-based risks.

To allow for "fast track" develop and the ability to expeditiously refocus or initiate research on high

priority risk evaluation and mitigation efforts, discretionary funds can allow the Institute to perform a

variety, of tasks to enhance deliverables to NASA. These funds scale modestly over five years but enable

research funds to be available for high priority projects that must be acted upon quickly (i.e., before the

next round of solicitations that also serve to prioritize research efforts).

5.4.2. Operational Resources

The successful NSBRI/JSC initiative in space medicine is proposed to increase to address operation needs

as set forth by NASA. A proposed budget is shown in Table 9.
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Table 9. Cooperative Research and Development Program Budget Plan

(Millions of Dollars)

Data Integration and Archiving

Discretionary *

Risk Modeling Augmentation

PROGRAM TOTAL

JSC ! NSBRI Space Medicine

TOTAL

FY FY FY FY FY FY

2002 2003 2004 2005 2006 2007

1.4

1.0

2.4

0.5

2.9

1.4 1.6 1.8 2.0 2.6

1.0 1.5 1.5 2.0 2.0

0.5 0.5 0.6 0.6

2.4 3.6 3.8 4.6 5.2

1.0 1.0 1.5 1.5 2.0

3.4 4.6 5.3 6.1 7.2

* Discretionary funds used to support flight proposals in 2002
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6. BUDGET AND RESULTS

6.1. ADMINISTRATIVE INFRASTRUCTURE

As outlined in Section 2.8, the NSBRI is an exemplary, performance driven partnership with NASA that

embodies the President's Management Agenda. In working towards its goals and objectives, the

approaches taken by the Institute in each of its Programs are focused and of high value, both scientifically

and fiscally. The NSBR! can be tasked by NASA to increase its Countermeasure Research Program and

the Institute is readily scalable. The administrative costs are kept in check by' outsourcing and utilizing the

infrastructure that is already in place at the academic institutions. Moreover, the extensive use of e-

business requires only a modest increase in NSBRI Headquarters personnel if the Institute were to

expand. At present, the institute's administrative infrastructure costs $2.2 M/year. A modest inflation is

factored into this number in future years.

6.2. BUDGET PLANS

Table 10 summarizes the baseline program, where the first three rows are obtained from the Program

budgets in Tables 7 to 9. The critical mass of the Institute is the Program Total for FY 2003, which is

$30.4 M. This figure is made up, in part, of the critical mass figure of $23.8 M for the Countermeasure

Research Program (Section 3.4.1). Table 11 gives the Institute augmentation budget and Table 12

provides the full program budget plan.

Table 10. Institute Baseline Program Budget Plan

(Millions of Dollars)

FY FY FY FY FY FY

2002 2003 2004 2005 2006 2007

Countermeasure Research 19.8

Education, Training & Outreach 1.5

Coop Research & Development 2.4

Administration 2.2

PROGRAM TOTAL 25.9

JSC / NSBRI Space Medicine 0.5

GRAND TOTAL 26.4

23.8 24.3 24.8 25.3 25.8

2.0 21 21 2.2 2.2

24 31 3.3 4.0 4.6

2.2 2.3 24 2.5 2.6

30.4 31.8 32.6 34.0 35.2

1.0 1.0 1.5 1.5 2,0

31.4 32.8 34.1 35.5 37.2
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Table 11. Institute Augmentation Program Budget Plan

(Millions of Dollars)

Countermeasure Research

Education, Training & Outreach

Coop Research & Development

PROGRAM TOTAL

FY FY FY FY FY FY

2002 2003 2004 2005 2006 2007

1.8 4.3 6.9 9.4 12.0

0.8 2.7 3.8 5.0 5.5

0.5 0.5 0.6 0.6

2.6 7.5 11.2 15.0 18.1

Table 12. Institute Full Program Budget Plan

(Millions of Dollars)

Countermeasure Research

Education, Training & Outreach

Coop Research & Development

Administration

PROGRAM TOTAL

JSC / NSBRI Space Medicine

GRAND TOTAL

FY FY FY FY FY FY

2002 2003- 2004 2005 2006 2007

19.8

1.5

2.4

2.2

25.9

0.5

26.4

25.6 28.6 31.7 347 37.8

2.8 4.8 5.9 7.2 7.7

2.4 3.6 3.8 4.6 5.2

2.2 2.3 2.4 2.5 2.6

33.0 39.3 43.8 49.0 53.3

1.0 1.0 1.5 1.5 2.0

34.0 40.3 45.3 50.5 55.3
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6.3. EXPECTED RESULTS

The following outcomes are expected from the implementation of this Strategic Plan:

• Clear identification and assessment of the biomedical risks of space travel;

• Comprehensive understanding of the molecular, cellular and organ-level responses of humans to

weightlessness;

• Development of high-quality integrated research program focused on targeted risks and

countermeasure development;

• Involvement of the biomedical research community in the lnstitute's program through open

solicitations and independent merit review, promoting the highest quality space biomedical

research;

• Development of innovative methods and advanced systems and technology' for the provision of

inflight astronaut medical care;

• Development of direct links between the biomedical research community and NASA's

operational medical and biomedical communities that assures effective communication and

development of a more complete understanding of the space-flight operational experience;

• Multidisciplinary coordination and integration of various research activities to promote the rapid,

efficient, multi-directional exchange of ideas, minimize duplication of effort and develop an

integrated understanding of the human physiological response to space flight:

• Integrated assessment of the effects of countermeasure candidates on human physiology using

modeling, simulation and multidisciplinary experimentation:

• Development of mechanisms for appropriate access to past and future astronaut data by the active

biomedical research community;

• Improved research community understanding of and access to special NASA facilities;

• Strong scientific and technical partnership _vith industry' in space biomedical research;

• Development of international communi_' participation in cooperative biomedical research related

to countermeasure developmcnt:

• Rapid transfer of the scientific, technical and medical know, ledge gained from space research to

corresponding Earth-related problems:

• Ensured development of fitture space biomedical scientists and engineers with training beyond

the undergraduate level;

• Informed scientific community concerning space biomedical issues;

• Increased scientific literacy of teachers, students and the general public because of the excitement

of space life sciences;

• Establishment of internet-based distance education for younger and older students of the space

life sciences;

• Larger numbers of students attracted to science careers in lifc sciences, engineering and

technology-based fields;

• Enhanced scientific skill and technological readiness of educators:

• Development of healthy behaviors and attitudes amo,lg students and families and increased

family involvement in a child's learning: and

• Increased public awareness and support for space life science research.
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1.0 RECAPITULATION: MISSION AND STRATEGIC PROGRAMS

As discussed in Section 2 of the Strategic Plan:

The Mission of the NSBRI will be to lead a National effort for accomplishing the

integrated, critical path, biomedical research necessary to support the long term

human presence, development, and exploration of space and to enhance life on

Earth by applying the resultant advances in human knowledge and technology

acquired through living and working in space.

To carry out this mission, the NSBRI focuses its activities on three Strategic Programs:

Strategic Program 1: Countermeasure Research

Strategic Program 2: Education, Training and Outreach

Strategic Program 3: Cooperative Research and Development

This document contains the detailed Team Strategic Plans for the 11 research teams focused on

Strategic Program 1, and the Education and Outreach Team focused on Strategic Program 2.

There is overlap and integration among the Programs and Team Strategic Plans, as described in
each of the Plans.



2.0 GENERAL INFORMATION

Critical Path Roadmap

In order to identify and make publicly known the biomedical risks of space flight and the

research questions that must be answered to reduce those risks, NASA and the NSBRI have

developed the Critical Path Roadmap (CPR). The CPR is an interdisciplinary tool to assess,

understand, mitigate and manage the risks associated with long-term exposure to the space
environment. It assumes an overarching strategy that integrates requirements, risks, risk factors,

critical questions, tasks, deliverables and risk mitigation with the intent of directing biomedical

research in support of human space flight, especially human missions of exploration. The CPR is

based in part on recommendations from internal NASA experts, NSBRI scientists, advisory

committees, task forces and published reports, such as the National Research Council Space

Studies Board's "A Strategy for Research in Space Biology and Medicine in the New Century,"

as well as numerous other reports.

The current CPR is a product that has identified 55 risks and 250 unique critical questions. A
more extensive overview as well as a list of all the risks and critical questions are available on

the Web site http://criticalpath.jsc.nasa.gov/. Each of the 11 research team strategies addresses

specific risks in the CPR in developing countermeasures to reduce the risk of space flight and

satisfy NSBRI's primary goal. Figure 2.1 shows the general types of countermeasures that are
available for use.

Countermeasure Readiness Levels

NASA has developed a scale to define, assess and quanti_' the level of "countermeasure
readiness." The use of this scale allows NASA to determine how each funded research project

fits into the countermeasure development "flow" and to monitor progress in countermeasure

development. Figure 2.2 illustrates the Countermeasure Readiness Levels (CRL) scale, which
describes the level of scientific maturity of countermeasure research, starting from the

fundamental studies that suggest potential countermeasures to studies that allow the systematic
evaluation and validation of countermeasures ready for operational implementation.

Countermeasure Development Phases

Although the CRL scale represents a useful management tool for the general NASA biomedical

research program, the NSBR! finds that a different scale is more useful in managing its program

of countermeasure development. That scale, termed countermeasure development phases, has

only six levels and is defined in Figure 2.3. Most NSBRI research activity takes place in phases
one to three. Each research team will use this scale to show their schedule of progression to final

operational countermeasures.
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3.0 BONE LOSS

Team Leader: Jay R. Shapiro, M.D.
Professor, Department of Medicine

Uniformed Services University of the Health Sciences

4301 Jones Bridge Road, Rm. A3068

Bethesda, MD 20814-4799
301-295-3600

301-295-3557 FAX

jshapiro@usuhs.mil

3.1 INTRODUCTION

The musculoskeletal system is uniquely dependent on Earth's gravity. Although human

adaptation to the microgravity environment has allowed astronauts to maintain overall function,
the musculoskeletal system rapidly degrades once the force of gravity is removed. Muscle

atrophy has been documented by biopsy after 11 days in flight. The loss of cortical and
trabecular bone follows the loss of mechanical strain normally transmitted from muscle. Several

studies, American and Russian, have demonstrated that bone loss during flights lasting 4 to 6

months approximates 1-2% per month. However, some researchers have reported the range of
bone loss in Mir cosmonauts varies from 0% to 24% per month when measured in cancellous and

cortical bone in the tibia. Bone loss of this magnitude has been observed in human bed rest

studies and in individuals following spinal cord inju_'. The loss of bone mass compromises bone

strength, and diminished bone strength increases the risk of fracture, presenting a hazard to
astronaut health and function and a threat to mission success.

The NSBRI Bone Loss Team aims to develop an effective countermeasure to bone loss.

Countermeasures applied to date, including current in flight exercise regimens, dietary and

vitamin supplements, and pre-flight conditioning, have not prevented bone loss during long

duration flights such as those on Mir. Exercise regimens are currently being re-evaluated.

Pharmacological interventions are also under investigation, t lowever, as discussed below',

progress in these areas will require a better understanding of the basic mechanisms that alter bone
cell function in a microgravity environment. The current Bone Team research program includes

basic and applied research targeted at countermeasure development and testing; each project
focuses on issues relevant to mechanisms of bone loss, as well as, means that may be employed

in the near future to mitigate the negative effects of microgravity on bone cells.

3.2 RISKS

The following risks in the Bone Loss Discipline Area have been identified in the Critical Path

Roadmap (CPR) (risk number in parentheses):
• Development of Osteoporosis (9)

• Fracture and Impaired Fracture Healing (10)

• Injury to Soft Connective Tissue, Joint Cartilage, and Intervertebral Disc Rupture w/

or w/o Neurological Complications ( 11 )
• Renal Stone Formation (12)

The majority of astronauts/cosmonauts have delayed return of bone density to normal following

prolonged space fight causing two postflight health hazards: 1) prolonged fracture risk during



activepost-flightre-conditioningand2) a life longincreasein fracturerisk andtherisk of related
soft tissueinjury if bonedensityfails to attainpre-flight levels. As a result,the BoneTeamhas
addedanadditionalrisk to the list currentlyfoundin theCPR:

• DelayedReturn of Bone Massto Normal Mass and StrengthFollowing Extended
Exposureto Weightlessness.

3.3 GOALS

The Bone Loss Team has the following goals for its program:

Risk-Based Goals

Goal 1: Reduce the risk of accelerated bone loss leading to osteoporosis.

Goal 2: Reduce the risk of fracture and evaluate the potential for impaired.fracture healing

Goal 3: Reduce the risk of injury to soft connective tissue, joint cartilage, and intervertebral

disc rupture

Goal 4: Reduce the risk of renal stone formation

Goal 5: Promote the return Of bone mass and strength to normal following an extended

exposure to weightlessness

Non Risk-Based Goals

Goal 6: Collaborate with the NSBRI Muscle. Radiation and Technolog3. , Development Teams on

the development of methods for inflight assessment tf bone health and the appropriate

monitoring, diagnosis and treatment/W" hone loss, .h'actures and soft tissue injuo'.

Develop methods Jbr the inflight assessment _! renal stone risk and the prevention and

treatment Of renal calculi developed during flight.

Goal 7: Develop Earth-based applications <?fcountermeasures to re_htce increased hone loss

and.fracture risk.[ound in health hazards, such as in children with non-weight bearing

disorders and in adults _)llowing CNS and spinal cord trauma

Goal 8: Develop Earth-based applications of low weight, sensitive hone densiO, machine

Goal 9: Integrate research and analysis

3.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

Current Research Projects
The current NSBRI program in bone includes both basic research and clinical research aimed at

the development of countermeasures that may be tested during flight of animals or crew within

the next 3-5 years. Project Countermeasure Readiness Levels (CRI.) range from Level 2 for a

basic research investigation of leptin and GIP function as potential hormonal targets for
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countermeasure development to Level 6 for testing of new intravenous bisphosphonates in spinal

cord injury patients as a model of microgravity in parallel to testing of use of intravenous

bisphosphonate prior to spaceflight and testing of KMgCit for renal calculus prevention. Current
and anticipated future countermeasures include exercise, pharmaceuticals, mechanical methods,

and nutritional methods. Figure 3.1 summarizes the different approaches taken by the projects in

the Bone Loss Program.

Figure 3.1.
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Operational Bone Team Activities
Members of the Bone Team are active participants in operational programs and planning at JSC.

For instance, Dr. Shapiro serves on the Integrated Products Team for Bone, Muscle and Exercise.

Recently. he has advised JSC flight surgeons on the evaluation and potential treatment of

astronauts whose bone mass may have been negatively impacted by multiple flight exposures.

This effort is joined with physicians at the MD Anderson Hospital in Houston. Additional efforts
in this area have involved participation in a NASA/NSBRI committee planning the evaluation of

clinical biochemical testing in astronaut crew before, during and after flight. As another example,

Dr. Sue Bloomfield, Texas A & M University, is an active member of the Critical Path Roadmap

development team which has revised and expanded issues of relevance to the Critical Path

Roadmap program.



Each project is briefly summarized here and Table 3.1, presenting the basic research focus and

experimental design, countermeasure focus, and contribution to achievement of team goals:

Basic Research Proiects (Countermeasure Readiness Levels 2-4)

. Leptin as a Regulator of Bone Formation in Microgravity Bone Loss: Karsenty
Elefteriou, Dacquin, (Baylor): Leptin is a recently defined polypeptide hormone

produced by adipocytes which binds to hypothalamic receptors and which decreases
bone formation rate. Increased bone mass in obesity, a condition in which leptin

levels are diminished, has led to studies showing that the absence of leptin can lead

to high bone mass even in hypogonadal and hypercortisolemic states. In addition, it

appears that leptin must bind to a'hypothalamic receptor to control bone formation.

Leptin indirectly appears to control bone formation by acting on the osteoblast via an

yet undefined factor(s). The study seeks to :1 ) determine whether leptin controls bone

mass by releasing a humoral substance following its binding to hypothalamic

receptors, 2) to determine if the sympathetic nervous system is involved in mediating

leptin control of bone formation, and 3) to determine whether a naturally occurring
soluble form of the leptin receptor can prevent leptin inhibitoR' action on bone.

Significance: This research is focused on the relationship of the CNS to peripheral
multifunctional hormones, which are now recognized to modulate osteoblast function and thus to
influence bone mass. It addresses Goal 1, Reduce risk of accelerated bone loss leading to

osteoporosis. Understanding the mechanism of leptin action promises to open a new route for
the therapeutic control of bone mass, suggesting potential new countermeasures. Furthermore,
the role of the CNS in the regulation of bone mass may have important implications for the

problem of bone loss during spaceflight. The countermeasure development focus of this project,
therefore, addresses central regulation of hormonal modulation of bone remodeling.

, Therapeutic Modulation of Systemic Glucose-Dependent lnsulinotropic Peptide
Levels to Counteract Microgravity-hlduced Bone Loss: lsales. Bollag, Mu[loy

(Medical College of Georgia): mRNA for the GIP receptor (GIPRI has been found in
osteoblast cell lines and in isolated rat osteoclasts. Also. GIP appears to promote
osteoblast differentiation and maturation, to stimulate type I collagen mRNA

expression and to increase alkaline phosphatase activity in SaOS2 cells. GIP inhibits
PTH-induced bone resorption. Transgenic mice over expressing GIP show increased

bone mass. Intermittent GIP injection prevents bone loss in ovarectomized mice.

The study will determine: 1) whether elevations in endogenous GIP leads to an
increase in bone formation in GIP over expressing mice, including observing GIP

effects in bone loss associated with estrogen and androgen deficiency and the effects

of nutritional alterations on GIP effects on bone and 2) whether endogenous elevation

in GIP prevents bone loss in GIP over expressing mice subjected to hindlimb
suspension. These studies may establish GIP as the potential link between food
intake and bone metabolism.

Significance: The problem of nutritional modification of bone loss during spaceflight has long

been a subject of discussion and intervention but without success. Altering salt, protein or
carbohydrate intake or caloric intake has not provided answers to control of bone loss. This

project, directed at Goal 1, addresses a novel relationship between diet and bone cell function and
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may result in novel countermeasures that expand nutritional impact on bone mass during

extended spaceflight.

. Receptor Countermeasures to Bone Loss in Microgravity: Smith, Weigel, Bloomfield,

Narayanan, Suva (Baylor, U. Arkansas): Space flight is associated with decreased

gonadal steroid levels and 25(OH) D and 1,25(OH)D2 levels. This study examines

specific pharmacological alternatives, estrogen and vitamin D receptor agonists, as
countermeasures to bone loss. It is hypothesized that the appropriate administration

and or combination of receptor active agent(s) will improve calcium absorption,

promote bone formation and decrease bone resorption. These studies focus on novel
vitamin D receptor agonists (VDR) such as EB189 and selective estrogen receptor

modulator agents (SERMs) such as raloxifene. This study targets the ability of

novel receptor agonists of the vitamin D receptor and estrogen receptor alone or in
combination to modulate osteoblastogenesis, mature osteoblast function and

osteoclastogenesis in vitro and in vivo. The study currently addresses these effects on

preserving bone mass in the hindlimb suspended rat model of microgravity.
Attenuation of disuse bone loss by estrogen and raloxifene in the hind limb suspended

rat has been demonstrated. Altered osteoblast differentiation and preservation of

bone mass during hindlimb suspension has been demonstrated using VDR agonists.

Significance: Hormonal alterations during spaceflight impact bone remodeling and potentiate

bone loss. These changes assume greater significance as extended microgravity exposure is

anticipated. Understanding the cellular mechanisms responsible for these changes are basic to

defining and suggesting effective countermeasures to hormonal imbalance and thus bone loss.

Flight testing with animal models is critical to correcting hormonal perturbations secondary to
microgravity. This project addresses Goal 1. Countermeasure development involves receptor

agonists used during spaceflight to correct gonadal/vit D imbalance.

Applied Research Projects (Readiness Levels 4-6)

. Muscle Bone Inbalance After Non-Weightbearing: Bloomfield. Hogan Smith, Warren.
Schultheis (Texas A & M): This study utilizes the hind limb suspended rat model to

examine: 1 ) the time course of recovery of functional properties in a muscle bone pair

of the hindlimb during reambulation after 28 days of skeletal unloading. 2) the
mechanisms affecting the rate of recover), during periods of maximal mismatch

between muscle and bone functional properties, 3) the effectiveness of two exercise

regimens and a biomechanical intervention to promote return of bone strength during

recovery, 4) the effectiveness of PTH treatment and growth hormone treatment as
anabolic countermeasures during recover)'.

Significance: Fracture risk, soft tissue inju_' and renal calculus formation continue into the

post-flight period. This project addresses post-flight muscle/bone imbalance, and anticipates
countermeasures to minimize continuing injury risk. It contributes to the achievement of Goal 5.

Promote return of bone mass and strength to normal following an extended exposure to

weightlessness. This project will develop countermeasures that may combine effective exercise

regimens and medication to improve osteoblastic bone formation following flight.

5. A Biomedical Countermeasure./or Disuse Osteopenia: Rubin. Hadjiargyrou. Zhi.

Judex. Dowd, Donahue (State University of New York at Stony Brook and
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BrookhavenNationalLabs). Wholebodyvibrationalimpactmayprovideaneffective
countermeasureto bone loss during exposureto microgravity. Using the tail-
suspendedrat and an oscillating plate to deliver mechanicalstrain, this study
addresses4 specific aims: 1) to correlateboneremodelingactivity with spatialand
temporal gene transcriptional activity in hind limb bone, 2) to correlate bone
remodelingactivity in the hind limb in the presenceof 10 min. daily osteogenic
mechanicalstimulus (0.3 g @ 30 Hz) with the spatialand temporaltranscriptional
activity in the bone,3) to correlateboneremodelingactivity in the hind limb which
arises from 23 h, 50 min of disuse interrupteddaily by 10 minute osteogenic
mechanicalstimulus (0.3 g @ 30 Hz), 4) to correlaterecoveryof bone massand
transcriptionalactivity in the hindlimb following 28 daysof disusefollowed by 7 or
28 daysof normal weightbearingvs. 28 daysof disusefollowed by 7 or 28 daysof
normalweightbearingplus 10 minutes/dayof mechanicalstimulus(0.3 g@ 30 Hz),
vs. control. Evaluationwill includehistomorphometry,microtomographicimagingto
present 3D models of the femur, gene expressionpatterns (actin, integrin [3-3,
osteopontin,collagen 1, connexin43, BMP-2, MMP-1, MCSF, andODF). IGF-1
levels in serum will be measuredas indicative of coupled bone resorptionand
formation.

Significance: Severalstudies,animal and human have documentedthe beneficialeffect of

impact loading via vibrational stimuli on bone gene expression and bone mass. Impact loading

in this manner may prove an effective countermeasure to bone loss in space. This project
addresses Goal 1. Since this study requires early flight testing to facilitatethe design of effective

instrumentation, Dr. Rubin has submitted one plan for flight testing for review. Countermeasure

development involves the design and construction of an effective device for vibrational

mechanical loading.

. Resorption Suppression and Bone Health in Disuse Bone Loss: Schaffier (Mt. Sinai
School of Medicine): This protocol tests the hypothesis that long-term suppression of

bone remodeling with bisphosphonate in a disuse situation will result in preserved
bone mass and architecture but reduced resistance to fracture because of decreased

osteocyte viability and integrity.

Significance: This study assesses potential risks in the utilization of chronic bisphosphonate as a

countermeasure during extended duration spaceflight or following return to Earth after shorter

microgravity exposure, and addresses Goals 1 and 5. Countermeasure plans include the eventual

design of bisphosphonate with specific bone growth activities.

. The EfJbct of MicrograviO; on Fracture tlealing/Ultrasound as a Possible
Countermeasure: Bolander, Turner, Greenleaf (Mayo Clinic): This program will

determine the effect of hindlimb unloading on fracture healing in the rat model of

microgravity. The study seeks to identify major cellular and molecular targets for
the adverse effects of hindlimb unloading on fracture healing. Fracture healing

will be evaluated by comparing histology and histomorphometr3' as well as by

mechanical testing at different time points during fracture healing. The study

explores the use of low intensity ultrasound to affect the rate of fracture healing

during hind limb suspension. It is expected that ultrasound will promote cartilage
callus formation and thus enhance the rate of fracture healing.
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Significance:Thereexistsno informationaboutfracturehealingin microgravity. This studywill
apply biomechanicaltesting and histomorphometryto fractured regions using the hindlimb
suspendedrat. AddressingGoal2, Reducerisk of fractureand evaluatepotential for impaired
fracturehealing,the resultsof this studywill orient plans for medical careduring flight and
extraterrestrialexplorationwherefracturerisk will be substantiallyincreasedand the issueof
healingfractureswill be a major concern. Countermeasuredevelopmentincludesthe utility of
ultrasoundasa meansto facilitatefracturehealing.

. SCI as Model for Microgravity. Effect of Zoledronate: Shapiro, Toerge, Ballard,

Baldwin, Beck, Ruff, Burman, Mustapha (Unformed Services University, Johns

Hopkins University and the National Rehabilitation Hospital). This protocol will

utilize subjects with spinal cord injury (SCI, tetraplagia and paraplegia) as models of
the muscle and bone loss experienced by astronauts during extended spaceflight. The

essential elements of this program include 1) measurements of rates of bone loss

during non-weightbearing, 2) measurements of rates of loss of muscle mass, 3)
determination of biochemical alterations in muscle tissue during prolonged non-

weightbearing, 4) geometric and structural analysis of femur bone loss, including 3 D
finite element analysis of femur bone before and after treatments for estimation of

fracture risk, and 5) an evaluation of the effectiveness of the tertiary potent

intravenous bisphosphonate, zoledronate, as a countermeasure to prevent bone loss in

these subjects and in astronauts during space flight.

Significance: This study, which addresses Goals 1 and 5, has two achievable outcomes. The
first is establishment of the spinal cord injured patient as an Earth-bound surrogate for space-

induced bone loss. This task has been accomplished. The second is obtaining data about the

effectiveness of a third level bisphosphonate on Earth and during spaceflight. Bisphosphonate

testing during flight has not yet been initiated: however, such analysis is on the horizon.
Countermeasure development involves the administration of long active bisphosphonate prior to.

during and after flight.

. Prevention of Microgravity-lnduced Stone Risk by KMgCitrate: Zerwekh,
Wuermeser, Pak, Antich. (UT Southwestern Medical Center at Dallas): Both clinical

observations and evaluation of the composition of urine related to stone-forming

factors indicate an increase risk of stone formation during and after extended

spaceflight. The objective of this research study is: 1) to determine the effectiveness

of potassium magnesium citrate (KMgCitrate) as a countermeasure to the propensity
for stone formation and skeletal mineral loss sustained during spaceflight, 2) to

evaluate the effect of KMgCit in averting the diminished muscle Mg and K

concentrations that may occur during microgravity-related muscle atrophy, and 3) to

assess the efficacy of KMgCit supplementation in reducing microgravity-induced

increase in bone resorption and urinary calcium. These specific aims will be studied

in health}, volunteers on chronic bed rest for 5 weeks. Study phases will include !

week of ambulatory evaluation (A), 2 weeks of bed rest (weeks 2-6) (B) and 2 weeks
of reambulation (weeks 7-8) (C). Subjects will receive Relvte tablets, 3 tabs with

breakfast, and 3 with dinner to equal 42 mEq K, 21 mEq Mg. and 63 mEq citrate.

Placebo controls are included in the study design.

Significance: Renal calculus formation has occurred in cosmonauts, and this study addresses
Goal 4, Reduce risk of renal stone formation. Stone tormation is a major health hazard, and

previous clinical studies point to the utility of KMgCit as a useful countermeasure. KMgCit is
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currentlyunderconsiderationor in usefor flight testing. KMgCit mayoffer additionalbenefits
nowunderstudyin the bed rest model. Flight-testing is appropriate for this agent.

Achieving Non Risk-Based Goals

The team's activities towards achieving Goal 6, which includes the development of monitoring

methods for bone loss inflight, involve the development and utilization of the AMPDEXA

machine for measurement of bone mineral density during extended flight. The instrument will be

of use on the ISS to measure sequentially and in real time changes in bone mass, estimated at l-

2%/month during flight. These types of measurements are of value because they permit: 1)

recording differences in rates of bone loss of individual astronauts and the correlation of changes
in bone biomarkers and hormones related to rates of bone loss, and 2) development of specific

countermeasures applied at the time bone loss is evident. This complements preventive measures

applied prior to flight. This machine is ready to be used in healthy volunteers. Plans will be
made for its utilization at the Johns Hopkins Applied Physics Laboratory and for chronic bed rest

studies at the National Rehabilitation Hospital using Dr. Shapiro's current protocol.

It should be emphasized that several components of the bone program impact the delivery of
medical care on Earth (Goals 7 and 8). Investigating factors responsible for a potential

muscle/bone functional gap during recovery from weightlessness (Bloomfield) addresses an issue

of great significance to the rehabilitation community. In addition, it raises the question of factors

responsible for the delay in recovery of osteoblast function following microgravity exposure.
Definition of mechanisms involved in bone loss during weightlessness and treatment with a

novel intravenous bisphosphonate (Shapiro) is relevant to pediatric and adult non-weightbearing
populations at risk of fracture but currently untreated. Schaffler addresses the question of

potential long term risk secondary to bisphosphonate treatment, a matter of importance to a large

number of elderly currently under treatment for osteoporosis. These analyses and others on the
team address Goal 7, Develop Earth-based applications of countermeasures for bone loss and
fracture risk found in health hazards. Initial work towards achievement of Goal 8, Earth-based

applications of low weight, sensitive bone density machine, involves completion of experiments
in Spinal Cord Injury (Shapiro) project to provide a monitoring arm (AMPDEXA machine) to

correlate bone loss rates with biomarker changes.

Achieving Goal 9, Program Integration. is summarized in Table 3.2: The members of the Bone
Team maintain a constant level of contact through teleconferences, individual conferences and

team meetings at national symposia and meetings. A current program at the Applied Physics

Laboratory involves 3 D finite element analysis, which will be expanded for modeling purposes
as fracture risk data is obtained.

Needs for Bone Loss Program

Bone loss during extended space flight and habitation on extra terrestrial bodies at reduced
gravity poses a significant health hazard for Astronaut crews. This program is developing 3D
finite element analysis for estimates of fracture risk. In view of a rate of bone loss during flight
that is 10 fold that seen in postmenopausal women this risk of fracture that could approach a 10-
15% level during extended spaceflight. This fact is emphasized in NASA Critical Path statement.
The development of novel countermeasures directed at minimizing bone loss and thus fracture
risk, requires a greater understanding of the responsible mechanisms at the cellular level. Our
current understanding of bone loss however is limited to the level of the "'effector'" mechanisms,
i.e., bone forming and bone resorbing cells. We do not understand what the mechanosensitive

13



cells in boneactually experienceas a result of microgravity,which in turn leadsto responses
from the effector cells. Accordingly, our ability to specificallytarget mechanicalandexercise
countermeasuresand more effectively develop and utilize pharmacologicalintervention is
limited. Critical issuesfor skeletal research,therefore,include issuesas fundamentalas the
detailedcharacterizationof the Earth-basedloadingenvironmentof theskeleton. Centralto this
effort is developinga detailedunderstandingof how musclelossalters function of bonecells,
and whethercountermeasuresfor preventionof muscleatrophyin spacewill also preventbone
loss. Unweighting effects and signal transductionmechanismsin bone warrant significant
attention becauseof their importancein defining the optimal targets,both mechanicaland
biological, for countermeasuredevelopment.ThecurrentNSBRI Bone LossProgramstrivesto
obtainsomeof thisneededinformation,butmoremechanisticstudiesarerequired.

The developmentof newand effectivemeansfor measuringbonemassduring spaceflight, the
applicationof effective resistiveexercisefor the maintenanceof muscleand bonemass,and
evaluationof biomechanicalmethods (vibrational impact loading) and new"pharmacological
agentsall requireevaluationundermicrogravityconditions.This analysisappliesto bothanimal
and humansubjects. Unfortunately,the microgravitycannotbeexactlyapproximatedon Earth
that may require revisiting the processunderwhich certain projectsare consideredfor flight
testing. Targetedcountermeasureresearchin thisareain generalis hamperedby theproblemof
reproducingthemicrogravityenvironmentfor animalor humanstudiesconductedonEarth. It is
necessao'that a coordinatedeffort betweenNSBRI BoneTeammembersandJSCstaff facilitate
flight testingfor bothanimalmodelsandhumanevaluation.

More researchis neededin certainareasto achieveall the risk-basedgoalsof the program.The
currently (2000-2003)fundedprogramof the BoneTeamaddressesGoals 1,4, and5 andto a
insufficient extent, Goal 2. However. in spite of a broadly'distributed requestfor proposals
initiated in February2000,only one proposalwas receivedfor Goal 2. fracture healing, and 2
proposals, neither judged fundable, were received for Goal 3, connective tissue injuries. These
issues still need to be addressed. Accordingly. the current NSBRI solicitation again focuses on a

call for research to address gaps in the bone program, specifically, fracture healing and soft

connective tissue inju_ _.

Evaluation of Current Countermeasure Technolo_zies and Ideas to Further Accelerate

Development

One objective of this strategic plan should be to conduct broad-based critical evaluations of
current countermeasures nearing the stage of flight-testing. This process could serve to
stimulate the search for new and novel methods of protecting Astronauts from the risk of fracture

under hazardous conditions.

1) In-Flight Exercise Programs: Resistive/endurance exercise programs are currently

being tested under protocols considered by the Integrated Product Team for Bone,
Muscle and Exercise. Resistive exercise may be an important adjunct to maintaining

muscle mass and bone mass: however, its efficacy in microgravity remains to be

determined. At this time 2 methods are considered lbr flight testing, the Interim

Resistive Exercise Device and the cycle ergometer (Tesch).

Recommendations: Critical evaluation of the potential usefulness of each method, in flight, is

needed in a timely manner, so that modifications can be considered if the basic protocols are
determined to not be effective during flight. A combined and focused NASA/NSBRI review to

stimulate novel methods tbr effective-exercise regimens, under the aegis of the NSBRl Exercise

team, is also recommended. Also_ determination of the effectiveness of current resistive exercise
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regimens by tracking changes in bone mineral density (BMD) with varying intensity, duration or

frequency of training is suggested. Certain biomarker measurements such as serum CTX (a

resorption biomarker) could be obtained concurrently to establish their usefulness in predicting

changes in BMD.

2) Pharmacological agents: New bisphosphonates and receptor agonists (SERMs and

Vit D receptor agonists) are among agents currently being developed by or in clinical

study by NSBRI Bone Team members. It is necessary that NASA regulations

regarding testing agents of potential usefulness be modified to allow flight experience

to be gained within the limits of astronaut safety.

Recommendations: Bisphosphonate testing on short-term shuttle flights for determination of
acute metabolic effects is recommended. The initial study should pre-treat astronauts with

intravenous pamidronate, an extensively used agent about which extensive clinical and

toxicological information exists. Completion of Earth-bound studies of chronic effects and drug

safety is also required. Administration of potent intravenous bisphosphonates for immediate
metabolic effects on shuttle fights and subsequently on the ISS is suggested. Animal studies, on

mice or rats, to permit testing novel pharmacological agents, e.g., SERMs and VDR agonists,

leptin and GIP in-flight is also encouraged. Note that commercial (Amgen) studies of

osteoprotegerin have been completed.

3) Mechanical Methods: These techniques include human centrifuge methods to

simulate gravity that are based on cycling or rotation of a sled or table and vibrational
mechanical stimuli to provide osteogenic signals to bone in a weightless environment.
These methods have been demonstrated in animals and humans to increase bone

formation.

Recommendations: Funding tbr commercial development of a flight-ready device for providing

vibrational strain to the lower extremities is suggested. The development for Earth testing of a

suitable vibrational impact instrument that could be flight tested within 5 years is encouraged. In
contrast to current commercially' designed units, this instrument would be specific for use in

flight.

4) Nutritional Methods: KMgCit is being tested to decrease renal propensity' to calculus
formation.

Recommendations: Once safety' data have been acquired from bed rest studies, this compound

should be tested on Shuttle flights and later on the ISS. Application of nutritional regimens for

testing in bed rest protocols to improve spontaneous eating patterns during flight and to provide

adequate nutritional supplements in preparation for testing during spaceflight is suggested.

Additional studies and monitoring to consider to initiate

Biomechanical and radiological testing of fracture healing models during flight and

postflight.
Assessment of soft tissue injury' during and after extended flight. This assessment would

include radiological procedures (MRI) to define the anatomy of the intervertebral space,

vertebral body, and joint space.
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• Testing of the AMP DEXA machine now in preparation at the Johns Hopkins University

Applied Physics Laboratory (JHU APL) on the ground in control and bedrest or spinal

cord injured subjects. Testing on the ISS within 5 years.
• Testing of the mass spectrometer for biochemical analysis (R. Potember, JHU APL) in

flight on the Shuttle. This testing would permit real-time assessment of blood, urine and
saliva biochemistries.

• Animal studies to determine if reduced blood flow' to the lower limbs (as observed during

hind limb suspension in rats) impacts on interstitial fluid flow and hence on

mechanotransduction in bone during (simulated or real) weightlessness.

• Identification of key molecular responses in bone which initiate bone loss in space flight.

For example, definition of the signal transduction system that couples gravity-related

muscle pull with bone formation/resorption could be made. This examination will

facilitate development of optimally, targeted pharmacological and mechanical

countermeasures.

• Testing transgenic animal (specificity to be defined) models in flight. Considerations
would include site-specific over-expression of locally acting osteogenic factors. Suitable

agents could be those affecting osteoblast/osteoclast function in bone, application of the

"coupling factor" when this is defined, identification through knock out experiments of
critical transcription and growth factors to maintain bone mass in the face of microgravity.

• Advanced testing of novel pharmacological agents during ISS flight. These may be

growth factors to maintain bone formation, novel antiresorptive agents, hormone receptor

agonists, and agents such as leptin and GIP, whose role is yet to be defined.
• Genetic analysis of flight candidates for fracture risk. Family bone density survey, initial

screening for specific osteoporosis related polymorphisms would initiate development of
a data base to serve as a platform for expanded studies as new findings are available.

• Flight-based determination of bone mineral density. Includes application of analytic

programs, including considerations of bone geomet_', and modeling for fracture risk
• Correlation of new nutritional and optimized resistive exercise programs with bone

mineral density changes during 6-month flight experience. In addition to bone density,

this analysis would require the development of novel imaging methods for estimation of

bone strength.
• Treatment for fracture healing tested under flight conditions in animals. This test could

include current proposals (ultrasound), as well as, the dermal application or fracture-site

use of instilled agents (e.g., bone morphogenetic protein-like agents)

Post-flight Rehabilitation Suggestions

Various conditioning training programs are currently in use to assist in the return of bone to

normal levels post-flight. These programs extend for 6 weeks following return and evaluate

conditioning programs with respect to post-flight alterations in bone mass and bone strength and

the return of these parameters to pre-flight values.
Recommendations: Review of the effectiveness of current conditioning programs in American

Astronauts in a joint NSBRI/NASA forum and from that data. design of a standardized

rehabilitation program that will serve to highlight alterations in individual response to

conditioning. This review, in turn. will permit analysis to determine mechanisms responsible for

failure to regain pre-flight mineral mass (e.g., muscle bone mismatch).

NSBRI/JSC Collaboration
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A short-term aim should be to increase the collaborative efforts between the NSBRI Bone Team

and scientists at JSC and Ames. As currently structured, JSC has a limited capability to deal

with countermeasure development for bone loss. Bone loss, as a Critical Path risk, is a matter of

second priority at the Bone, Muscle, and Exercise Integrated Products Team because of the
current emphasis on flight-testing exercise protocols. This may reflect: 1) failure on the part of

investigators to bring bone related protocols forward, 2) the probability that certain
countermeasures for bone loss are not ready to be flight-tested, and, 3) the slow process in

bringing pharmacological agents to the stage of flight testing. Funding for bone loss research

(HEDS Program) has been significantly hampered by budget problems within NASA as well as
administrative issues. It is strongly recommended that the JSC/NSBRI program be critically

reviewed so that program strategies provide the maximum collaboration between JSC scientists,

engineers, flight surgeons and funded NSBRI investigators and their respective institutions. An

initial step in this effort was taken at the NSBRI meeting at Del Lago, January 2002, where a
combined NSBRI Bone Team/JSC staff meeting was held to open discussions about NASA

targets and current NSBRI research program.

The recommendations presented in this plan are predicated on appropriate funding and the

imposition of a countermeasure targeted research program. Members of this team recommend,
that in contrast to "bottom up" NIH/NSF type funding programs, NASA/NSBRI research should

be a "top down" system in which research funding follows mission requirements. In turn.

mission requirements should reflect the best consensus about basic and applied priorities.

3.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Goal 1 : Reduce risk ofaccelerated bone loss leading to osteoporosis

Objective 1A: Assess risk and target level of acceptable risk.
• Assess initial and sequential bone mass, bone biomarkers and genetic background,

preflight in astronauts.

Obiective I B: Determine Mechanisms
• Determine mechanisms of bone loss using geometric/structural DEXA analysis pre flight

and on interval flights if applicable.
• Determine mechanisms of bone loss using bone cell populations obtained from the

hindquarter suspended rat or mouse model of microgravity. Mechanisms of bone cell

response to microgravity such as altered signal transduction mechanisms are of critical

importance in the eventual development of new countermeasures.

Obiective 1C: Develop countermeasures.
• Study combined effect of related stressors such as radiation and weightlessness and

countermeasures to lessen muscle loss

• Bring bisphosphonate administration and vibrational mechanical loading to point of flight
testing. Achieving this feat may require short-circuiting established pre-flight testing

currently required by NASA. Access exercise protocols.

• Study leptin, GIP, SERMs and Vit D analogues in flight experiments. Build on the
database aimed at the development of new and novel countermeasures. Use a five-year

window for development of new agents. Join with industr?' to facilitate new drug

development.

Goal 2: Reduce Risk o/Fracture and Impaired Fracture Healing

Obiective 2A: Assess risk and target level of acceptable risk
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• Using the initial data on fracture healing and callus strength now available through the
Bolander study, recruit additional protocols to focus on these mechanisms and

countermeasure development re: the integrity of the fracture callus.

• Collaborate with Hopkins Applied Technology Group to test the new AMP DEXA in

humans with the aim of a flight model in 2004 for estimation of fracture risk

• Use 3-D finite element analysis derived from CT scans to model fracture risk during flight, in

extraterrestrial environment and post-flight.

Objective 2B: Determine Mechanisms
• Determine mechanisms using cell models derived from fracture site, callus

Objective 2C: Develop Countermeasures

• Develop countermeasures including ultrasound, mechanical/electrical stimulation

Goal 3: Reduce Risk of Injury to Soft Connective Tissue, Joint Cartilage, and Intervertebral Disc

Rupture w� or w/o Neurological Complications

Objective 3A: Assess risk and target level of acceptable risk
• Initiate more funded studies. It is recognized that back pain presumably due to

intervertebral disc disease is a significant problem with astronauts. The extent of

cartilage impairment is undetermined. The risk must be determined using specific pre-

and post flight studies of both animals and astronaut vertebrae and joints: biochemical

and histopathologicai data is required.

Objective 3B: Determine mechanisms
• Study soft connective tissues in the hindlimb suspended model: sequential cartilage

changes, expand the data base on intervertebral disc alterations. The mechanisms

involved in these processes and their prevention/repair are significant issues.

Objective 3C: Develop Countermeasures
• Begin to assess potential countermeasures to injur)' to include: physical therapy, exercise

programs.

Goal 4: Reduce Risk o[Renal Stone Formation

Objective 4A: Assess risk and target level of acceptable risk.
• Review recent and current astronaut/cosmonaut expericnce re: stone formation and use of

K Citrate.

• Zerwekh program addresses these issues.
• Re-evaluate urine stone propensity data collected by Drs Pak/Whitson

Objective 2A: Determine mechanisms

Objective 2A: Develop Countermeasures
• Test KMgCit in flight setting

Goal 5: Reduce Risk of Delayed Return of Bone Mass to Normal Mass and Strength Following

Extended Exposure to Weightlessness

Objective 5A: Assess risk and target level of acceptable risk
• Review current data on stress fractures during re-conditioning.

• Evaluate data obtained in the Bloomfield study (bone/muscle mismatch)

Objective 5B: Determine Mechanisms
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Objective 5C: Develop Countermeasures
• Work with the NASA IPT Committee for Bone, Muscle, and Exercise and JSC flight

surgeons to formulate an effective and long duration rehabilitation program post-flight.

Goal 6: Collaborate with the NSBRI Muscle, Radiation and Technology Development Teams on

the development of methods for inflight assessment of bone health and the appropriate

monitoring, diagnosis and treatment for bone loss, fractures and soft tissue injury.

Develop methods" .for the in�light assessment of renal stone risk and the prevention and

treatment of renal calculi developed during flight.
Collaborate with the Technology Team on developing and testing methods for monitoring

of bone mass (e.g., AMPDEXA machine)
Collaborate with the Muscle Team to correlate biochemical and genetic patterns of bone

loss with changes in bone mass during weightlessness.
Collaborate with the Radiation Team to evaluate the separate and interactive effects of

radiation and weightlessness on bone cell functions.

Goal 7: Develop Earth-based applications of countermeasures to reduce increased bone loss

and fracture risk found in health hazards', such as in children with non-weight bearing disorders

and in adults following CNS and spinal cord trauma
• Complete experiments in Spinal Cord Injury project to provide treatments (such as

bisphosphonates) that are useful to general public. (Shapiro et al)

Goal 8: Develop Earth-based application Of low weight, sensitive bone densiW machine

• Complete experiments in Spinal Cord Injury project to provide a monitoring arm

(AMPDEXA machine) to correlate bone loss rates with biomarker changes that are useful

to general public. (Shapiro et al)

Goal 9: Integrate Research and Analysis

Objective 9A: Integrate Research Within the Muscle Alterations and Atrophy Team
• Teleconferences and team meetings at national symposia.

Obiective 9B: Integrate Research With Other Teams, using modeling as well as other approaches

• Use Modeling (3-D finite element analysis, DEXA scan analysis)
• Collaborate with the Radiation Team to study independent and interactive effects of

radiation on bone mass.

Objective 9C: Integrate Research with Scientists Outside of NSBRI
• This is in progress with scientists at the Armed Radiation and Radiobiology Institute, AFRRI.

3.6 SUMMARY

Two major hazards to human extended duration spaceflight are radiation exposure and bone loss.

It is necessary to coordinate NSBRI research efforts with those of the NASA extramural HEDS

program so as to create a focused, countermeasure development and testing program aimed at
addressing problems of bone loss. In the current program, basic and applied protocols examine

regulation of bone mass under weightlessness conditions, as well as, potential pharmacological,
nutritional, exercise and biomechanical methods of countering bone loss. Questions related to

accelerated bone loss. post-flight fracture, and renal calculus formation are addressed; however,
some risks to astronaut health, such as inflight fracture risk and healing and soft tissue injury

risk, are not being adequately addressed at this time. Investigation of cellular mechanisms

modulating bone cell function should be a more prominent part of the program. Coordination of
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countermeasure development with in-flight and post-flight monitoring should be an integral part
as well.
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National Space Biomedical Research Institute

BONE LOSS PROGRAM

Table 3.1.

Pl/Project

BLOOMFIELD' Bone

and Muscle Recovery
from Simulated

Micr%,ravit)
BOLANDER'The Effect

of Microgravity on
Fracture Healing:
Ultrasound as a Possible

Cotulterllleasure

ISALES.'Therapeutic

Modulation of Sy stem ic

G lucose-Dependent
Insulinotropic Peptide
Levels to Counteract

M icrograv it.x-Induced
Bone Loss

KARSENTY'LepIin as a

Regulator of Bone
Formation in

Microgravit 3

RUBIN/A

Biomechanical

Countermeasure for

Project Research Activities

Risk(s) Addressed

Post-flighl fracture risk

Microgravity irnpact on

fracture healing

Acceleraled bone loss leading

to osleoporosis

Accelerated bone loss leading

to osteoporosis

Countermeasure

Target

• Pharmacological
• Exercise

Ultrasound

Diet

Pharmacological

Experimental

System

Hind limb

suspended rat

Itind limb

suspended rat

Mice, transgenic
mice

Mice

Mice

Phase 1

Activities:

Focused

Mechanistic

Research

Muscle/bone
imbalance

Integrity of
fracture healing
callus formation

GIP effect on

bone remodeling

Leptin (humoral

factors)/CNS
inhibition role in

bone remodeling;
cntrl mechanisms

Gene expression
related to

vibratory stimuli

Accelerated bone loss leading

to osteoporosis

Phase 2 Activities:

Preliminary

Countermeasure

Development
Research

Exercise regulation,

PTH, growth hormone

Ultrasound action on

fracture healing

Nutritional intervention

to increase GIP levels

and lesson bone loss

Test hindlimb suspended

animals for this system

and potential cms

Mechanically stimulate bon

via impact loading;

,operational features for

testing in human

Phase 3 Activities:

Mature

Countermeasure

Development
Research

Flight protocol under
review at JSC

Mechanical

stimulation

Disuse Osteopenia
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Table 3.1.

National Space Biomedical Research Institute

BONE LOSS PROGRAM

Project Research Activities (continued)

Pl/Project

SCH A FFLE R/Resorpt io

n Suppression and Bone
Health in Disuse

SHAPIRO'Defining and

Preventing Bone l.oss: A

Microgravity Model

SMITHReceptor
Cot, ntermeasures to
Bone Loss in

Microgravity

Risk(s) Addressed

Fracture risk after

bisphosphonate treatment

Accelerated bone loss

leading to osteoporosis
Fracture risk after

bisphospho-nate
treatment

Accelerated bone loss leading

to osteoporosis

Countermeasure

Target

Pharmacological

Pharmacological

Experimental

System

Dog with
immobilized limb

Patients with spinal

cord injury

Phase 1

Activities:

Focused

Mechanistic

Research

Characterization of

osteocyte integrity

Characterize rates

and patterns of
bone loss, muscle

loss in non-weight

bearing subjects

Phase 2 Activities:

Preliminary

Countermeasure

Development

Research

Propose alterations in

bisphosphonate drug
dose, duration of
administration

Administration of

intravenous potent

bisphosphonate

(zoledronate) to protect
bone loss

Phase 3 Activities:

Mature

Countermeasure

Development

Research

ZERWEKH/Prevention

of Microgravity-lnduced

Stone Risk by

KMgCitrate

Renal calculus prevention

Pharnmcolo,,ical ttind limb

suspended rat

Nutritional

Testing with SERMs and

vitamin D agonist to
decrease bone loss; in

progress in hindlimb

suspension model, flight

Flight testing of

bisphosphonates under
consideration

Normal human

volunteers at bed

rest.

Characterize

receptor agon ist
effects on bone cell

and prevention of
bone loss

testing, anticipated.
Effects of treatment with

KMgCit on bone and
muscle loss, renal stone

propensity

Flight testing to be

proposed.
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National Space Biomedical Research Institute

BONE LOSS PROGRAM

Table 3.2. Inteqration Activities

I I

Internal

Corn m unication

Integrated

Experiment

Development

Sample Sharing

Synergistic Studies

of Opportunity

Development of

Computer Model of

Integrated Human
Function

BLOOMFIELD

Monthly

telecon ferences,

team meetings 2-

3 times per 5'ear

Collaboration

with Smith

project

BOLANDER

same

ISALES

same

iCollaboration

xvith Zerwekh

bedrest

9roiect

KARSENTY

Same

RUBIN

same

SCHAFFLER

same

SHAPIRO

same

Muscle team

collaborates on

this project

Collaborate

with

Technology

Team for

AMPDEXA

evaluation

SMITH

same

ZERWEKH

same

With lsales

GIP project
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National Space Biomedical Research Institute

BONE LOSS PROGRAM

Table 3.3. Achieving Goal 1: Reduce Risk of Accelerated Bone Loss Leading to Osteoporosis

Countermeasure Development Phases

Phase 0: Observational & Phenomenologicai Research

Phase 1: Focused Mechanistic Research

• Understand gravity effects oll leptin
• Understand gravity effects on GIP
• Complete evaluation of chronic bisphosphonate effect on bone cells
• Determine how spinal cord injured (SCI) affects biochemistry of atrophy of

human muscle

• Model fracture risk in SCI with 3D finite element analysis
• Evaluate alterations in fracture healing in weightlessness
• Assess bone/muscle gap during reconditioning

• Define geometric/structural parameters on bone loss in spinal cord injured
patients

iPhase 2: PreliminarT Countermeasure Development Research

• Assess chronic bisphosphonates use on osteocyte integrity
• Test SERM'Vitamin D agonist effects during flight in animals
• Determine role of ultrasotmd in fracture healing in weightlessness
• Assess role of exercise, PTH and growth hormone during reconditioning of

hind limb suspended rats, . ..

Phase 3: Mature Countermeasure Development Research

• Develop integrated exercise, nutritional, and pharmacological
countermeasure and test in humans: test exercise activity on bone mass

Phase

• Determine whether vibrational mechanical loading can be adapted to flight
conditions: correlate engineering requirements tbr flight testing

• Evaluate AMP DEXA apparatus with Technology Team

4: Countermeasure Evaluation & Validation

Phase

Test intravenous bisphosphonate during flight

Test KM_Cit during flight

5: Operational Implementation of Countermeasure Strategy
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4.0 CARDIOVASCULAR ALTERATIONS

Team Leader: Richard J. Cohen, M.D., Ph.D.
Whitaker Professor of Biomedical Engineering

Harvard-MIT Division of Health Sciences and Technology
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45 Carleton Street, Rm. E25-335A

Cambridge, MA 02139-4301
617-253-7430

617-253-3019 FAX

rjcohen@mit.edu

4.1 INTRODUCTION

During space flight the cardiovascular system undergoes adaptive changes in structure and

function in response to weightlessness and other factors, such as sleep disruption, confinement
and additional environmental alterations. Space flight is associated with a movement of fluid

from the lower extremity to the thorax and head, a modest decrease in intravascular volume, and

a modest decrease in arterial pressure. In addition, there are alterations in the lymphatic, neural

and hormonal control systems. While these adaptations appear to be associated with generally

adequate cardiovascular performance during conditions of short-duration space flight, they are

not appropriate upon reentry into a gravitational environment. Furthermore, the extent of
cardiovascular adaptation appears to increase with duration of space flight, and the magnitude

and implications of these adaptations for long-duration space flight (that is, months to years)

remain largely unknown.

Specific adverse effects of space flight on the cardiovascular system include:

1) Impaired Cardiovascular Response to Orthostatic Stress. Upon reentry into the
Earth's gravitational field, astronauts experience orthostatic intolerance, which limits

their ability to function during reentry. In many cases, the orthostatic intolerance is

sufficiently severe that astronauts cannot stand erect Jbr some time after landing and thus

may interfere with the ability of astronauts to egress from the spacecraft under emergency
conditions. Upon reentry into a gravitational field, blood pools in the dependent veins
and arteries which leads to reduction in preioad to the heart, resulting in a decrease in

stroke volume, cardiac output and arterial blood pressure. Factors involved in the

development of orthostatic intolerance may include structural and functional adaptations
of the heart and arterial and venous blood vessels and lymphatics, alterations in volume

control mechanisms, alterations leading to an inadequate or defective neural and

hormonal regulatory response, alterations in local vascular reactivity, and mechanisms

controlling regional distribution of blood volumes and flows. Factors, such as age.

gender, genotype, as well as occupational, physical training and dieta_' histo_', may
affect individual susceptibility to the development of post-flight orthostatic intolerance.

Currently used countermeasures, such as oral administration of salt and water prior to

reent_' and application of anti-gravity suits, do not adequately prevent orthostatic

intolerance, especially following long-duration space flight.



2) Occurrence of Serious Cardiac Dysrhythmias. A number of anecdotal reports suggest

that long-duration space flight might lead to an increased incidence of potentially serious

heart rhythm disturbances. If space flight does in fact significantly decrease cardiac

electrical stability, the effects could be catastrophic, potentially leading to sudden cardiac

death. It will be important to determine the mechanisms underlying this phenomenon in

order to develop appropriate countermeasures. Potential mechanisms that might lead to
reduction in the stability of the electrical substrate include electrolyte changes, changes in
the neural and hormonal milieu, and alterations of cardiac myocytes, myocyte

connectivity and extracellular matrix resulting from space flight. These alterations may

in turn lead to changes in cardiac conduction and repolarization processes that predispose

the heart to sustained rhythm disturbances.

3) Diminished Cardiac Function. Long-term space flight may lead to a measurable

reduction in cardiac mass, probably associated with cardiac remodeling. It is not known
whether these cardiac alterations are reversible and whether they pose a long-term health

risk to astronauts. Factors that may be involved in alterations in cardiac function include

changes in myocyte number, size, and geometry: changes in myocardial matrix and
microvasculature; alterations in myocyte and organ-level mechanical performance;

changes in cardiac gene programming; stimuli and signals that lead to loss of cardiac

mass and remodeling; factors affecting reversibility and recovery from these alterations.

4) Manifestation of Previously Asymptomatic Cardiovascular Disease. Long-duration

space flight may exacerbate previously undetected cardiovascular disease, such as
coronary artery disease. Little is known about what conditions of space flight may tend to

make pre-existing disease symptomatic or accelerate the progression of the underlying
disease. Also, we do not know what procedures should be applied to screen astronauts

for the presence of asymptomatic cardiovascular disease prior to long term missions

5) Impaired Cardiovascular Response to Exercise Stress. Long-term space flight may

impair cardiovascular response to exercise. Current inflight exercise programs appear

adequate to maintain aerobic exercise capacity.

4.2 RISKS

In concert with the above described adverse effects of space flight, the following risks in the

Cardiovascular Alterations Discipline Area have been identified in the Critical Path Roadmap

(Risk number in parentheses):
• Impaired Cardiovascular Response to Orthostatic Stress (14)
• Occurrence of Serious Cardiac Dysrhythmias (13)

• Diminished Cardiac Function (15)

• Manifestation of Previously Asymptomatic Cardiovascular Disease (16)

• Impaired Cardiovascular Response to Exercise Stress (17)

4.3 GOALS

The Cardiovascular Alterations Team has the following goals for its program:
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Risk-Based Goals

Goal 1: Reduce risk of impaired cardiovascular response to orthostatic stress

Goal 2: Reduce risk of occurrence of serious cardiac dysrhythmias

Goal 3: Reduce risk of diminished cardiac function

Goal 4: Reduce risk of manifestation of previously asymptomatic cardiovascular disease

Goal 5: Reduce risk of impaired cardiovascular response to exercise stress

Non Risk-Based Goals

Goal 6: Develop new cardiovascular diagnostic and therapeutic technologies for ,_pace

,flight applications

Goal 7: Develop new cardiovascular diagnostic and therapeutic technologies for medical
use on Earth

Goal 8: Integrate Research and Anal),wis

4.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The overarching intentions of the Cardiovascular Alterations Team are to:
• Characterize and quanti_' the adverse effects of space flight on cardiovascular structure

and function

• Determine the mechanisms of these adverse effects

• Develop effective countermeasures to these adverse effects

• Develop new cardiovascular technologies for use in countermeasure development and

for spin-off applications on Earth

The program's overall strategy is dictated by the relevant risks. The following risks are deemed

to be high priority and are the focus of the team's efforts:

• Impaired Cardiovascular Response to Orthostatic Stress (14; Addressed in Goal 1)
• Occurrence of Serious Cardiac Dysrhythmias (13: Addressed in Goal 2)

• Diminished Cardiac Function (15: Addressed in Goal 3)

The remaining two risks are deemed to be of love' priority:
• Manifestation of Previously Asymptomatic Cardiovascular Disease (16; Addressed in

Goal 4)

• Impaired Cardiovascular Response to Exercise Stress (17: Addressed in Goal 5)

While some of the projects do address some aspects of these two risks, no one project principally
addresses these risks.

Additional non risk-based goals include those associated with the development of new

cardiovascular technologies for use in space (Goal 6) and for Earth-based applications (Goal 7).

Integration of Research and Analysis is Team Goal 8.
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Thecurrentprogramis summarizedin theFigureat theendof this document.Table4.1,entitled
"Current ProjectResearchActivities," summarizesfor eachcurrent CardiovascularAlterations
Teamprojectwhat risks areaddressed,theexperimentalsystem,the countermeasuretargetand
theplannedprogressionof eachprojectalongthestrategicstepsof Phase1,2 or 3 Activities.

The CardiovascularAlternations Team has recently been enlargedby the transferof three
projects(Bers,Coolahan,McCulloch) from the former IntegratedHumanFunctionTeam. This
transferwas the result of anNSBRI managementdecisionthat it wasbetter for the computer
modelingand simulation projectsto reside in specific teamsrather than to be groupedin a
separateIntegratedHumanFunctionTeam. An additionalcardiovascularmodelingprojectwith
Dr. Mark hasbeenpart of the CardiovascularAlterationsTeam sinceits inceptionand is thus
alreadyverywell integratedinto the team'sactivities. A projectwith Dr. Muradwasalsojust
recentlyincorporatedinto theteam. As aresult,theCardiovascularAlterationsTeamnow has16
projects(seeFigure). While wehavealwaysattemptedto havehorizontalcommunicationacross
all teamprojects,with the growth of the teamto 16projectswe havedecidedto organizethe
projects into groups of Human Studies,Rodent Studies,and CardiovascularTechnologies.
Projectswithin eachgroup will have separategroup meetingsin addition to meetingsof the
entireteam.

Progress Towards Risk-Based Goals
Projects addressing risk o/ Impaired Cardiovascular Re,v_onse to Orthostatic Stress (Goal 1).
Most of the effort of the Cardiovascular Alterations Team has been tbcused on the problem of

post-flight orthostatic hypotension, for this is a well-known current operational problem. As a

matter of fact, all the team projects are involved in this effort. In animal and human studies wc
have studied mechanisms and proposed and tested countermeasures. We are examining a wide

range of factors including neural, vestibular, hormonal, vascular, cardiac, lymphatic, and genetic
factors that may contribute to the development of orthostatic hypotension. We have also

developed new non-invasive techniques to study alterations in cardiovascular regulation resulting

from space flight. One such technique is Cardiovascular System Identification that involves

mathematical analysis of spontaneous second-to-second fluctuations in physiological signals
such as heart rate, arterial blood pressure, cardiac output, and respiration to create an

individualized closed loop model of cardiovascular regulation. Finally, we have developed and

utilized computer simulations of the cardiovascular system to analyze data, investigate
mechanisms, evaluate proposed countermeasures, and refine hypotheses to be tested

experimentally. The dynamic interplay between animal, human and computer simulations has

already led to the proposal of the alpha-sympathetic agonist, midodrine, as a pharmacological
countermeasure to the development of orthostatic hypotension, and the successful testing of this

countermeasure in animal and ground based human studies. Flight studies of this

countermeasure have been approved and will begin soon. We are also developing an innovative

pulsatile G-suit as a new countermeasure.

Pr_/ects addressing risk r?lOccurrence o[Serious ('ardiac l)ysrhythmias (Goal 2). Several of

the team projects relate to the development of life threatening dysrhythmias in space (Bers,
Cohen, Coolahan, McCulloch, and Williams). The tbcus here has been to establish specifically

whether simulated microgravity increases the risk of these ventricular tachyarrhythmias. To test

this hypothesis a new non-invasivc technique has been developed for the identification of

subjects at risk of developing ventricular tachyarrhythmias - measurement of microvolt T-wave

alternans. This techniquc was developed under both NASA and NSBRI support. This technique
has been validatcd in multiplc studies of patients with incrcased sudden cardiac death. The

technique has proven to be the best non-invasivc predictor of susceptibility to ventricular
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tachyarrhythmiasand suddencardiacdeath. It hasbeensuccessfullycommercialized,clearedby
theFDA, andapprovedby Medicarefor reimbursement,andis in widespreadclinical use. Initial
bedrestdatausingmicrovolt T-wavealternanssuggeststhatsimulatedmicrogravityincreasesthe
risk of ventricular tachyarrhythmias,and flight studieswill shortly be initiated to test this in
astronautspre-andpostflight. Mechanisticgroundbasedstudieswill examinethe effectsof age
and genderon susceptibility to ventricular tachyarrhythmias. Also, current studies plan to
evaluatealdosteroneantagonists(spironolactone)andalterationsin dietaryintakeof electrolytes
aspotentialcountermeasures.

Projects addressing risk of Diminished Cardiac Function (Goal 3). One project (Lorell) deals

primarily with the risk of diminished cardiac function and several other projects (Bers, Cohen,

Coolahan, Delp, Mark, McCulloch, Shoukas, Thomas, and Williams) have this risk as a less

primary focus. The aim here is to establish the development of atrophy and remodeling in

ground based models and to study molecular and genetic mechanisms and functional sequelae.

We require more flight data documenting the extent of space induced cardiac atrophy' and

remodeling that occurs during flight.

Projects addressing risk of Manifestation o/Previously Asymptomatic Cardiovascular Disease
(Goal 4). There are no current projects that really' focus on this issue. A few projects are

minimally associated with this problem (Coolahan, McCulloch. and Thomas). Although this is a

lower priority risk than the first three, we are interested in the question of determining what is the

optimum set of screening tests tbr astronauts to detect asymptomatic cardiovascular disease that
may cause problems during long duration space flight. We plan to solicit proposals in this area
in the future.

ISro/ects addressing risk of Impaired Cardiovascular Response to Exercise Stress (Goal 5).

Although several of the projects address exercise, this is not a primary' focus of any of the current

projects. The reason for this situation is that the current in-flight exercise regimen appears to be

adequate to maintain aerobic exercise capacity.

Progress Towards Non Risk-Based Goals
Progress towards Development _?/New Cardiovascular Teclmologies for Spaceflight (Goal 6)

and Earth-based Applications (Goal 7). The progress _[the ('ardiovascular Alterations Team

has been heaviO., dependent on the development o/new technologies which allow us to better
understand, measure and alter physiological processes. Technologies that we have developed

and applied include computer simulation technologies. Cardiovascular System Identification

technolok_,Jbr the non-invasive quant!fication of closed cardiovascular regulation, measurement

of Microvolt T-Wave Alternans to assess cardiac' electrical stability, and ultrasound technologies

.fi)r the non-invasive assessment of cardiovascular hmction. One of these technologies
(Microvolt T-Wave A lternans) has already been succes_/ul O, commercialized.for clinical use here

on Earth. We are just beginning to develop a novel pulsatile G-suit.as a countermeasure to the

development gf orthostatic hypotension. Future progress o/the Cardiovascular Alterations
Team will continue to he dependent, in part, on the development of new diagnostic and

therapeutic technologies. In the future we plan to solicit proposals which spec![icalO' lOCUS on
the development oflnovel cardiovascular technologies with applications to both space and Earth
medicine.

Progress towards Integration (Goal 8) The cardiovascular team strives to have a dynamic

interplay/integration between projects focused on animal studies, human studies, and
cardiovascular simulations (Table 4.2 and Figure 4.1). This intra-teana interaction has been

facilitated by team retreats and telecons. With the recent enlargement of our team from 12 to 16
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projectsdiscussedabove,going forward we will haveprojects within each of the threeareas
(animal studies,humanstudies,andcardiovascularsimulations)alsomeetseparatelyin addition
to theteamwidemeetings.

In addition to our intra-teamintegrationwe interactwith a number of other NSBRI teams
including HumanPerformance,Neurobehavioral,Neurovestibular,Rehabilitation,Technology
Development,andSmartMedicalSystems. Two of our project leaders(Cassone,Thomas)are
integratedinto the functioning of other teams(HumanPerformance,SmartMedical Systems).
Weplanto furtherpromotethis inter-teaminteractionfor the following reasons:

• In additionto microgravity,otherconditionsof spaceflight mayalso adverselyaffect the
cardiovascularsystem,includingsleepdisruption,reducedphysicalstress,environmental
factors,andpsycho-socialstresses.

• Countermeasuresproposed by and/or affecting the other teams may include
pharmacological,nutritional, andphysicalinterventions(including artificial gravity)and
modificationsof behavior,activity andenvironment.

Additional Issues

Below are some important cross-cutting issues which affect multiple projects.

Experimental Models. Additional data from space flight is required to evaluate the degree of

correspondence of data from ground-based animal and human models with space flight data.

Previously, we have had very limited opportunity to obtain data for this validation, but we are

now beginning to obtain both animal and human flight data.

Cardiovascular Space Flight Database. There is an urgent need to obtain and make available

to investigators a systematic database of cardiovascular data from astronauts before, during and

after space flight. We will be working with a NASA-NSBRI lmtlatlve to develop a

cardiovascular physiological flight database from data collected routinely during ongoing flights.

Experimental Approaches. Investigations are required which range from the molecular, genetic
and cellular level to the organ system level to the level of the entire organism. Our projects do

span this spectrum and we are using computer simulations as a means of integrating the

experimental data across these different levels of organization.

Individual Susceptibility. Investigation of factors that make an individual more susceptible to

the adverse effects of space flight on the cardiovascular system may include age. gender.

genotype, and dieta_, occupational and physical conditioning history. We have begun to
address these issues but more activity in this area is required.

4.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here arc the objectives underlying each goal and the strategic activities that we plan to

use to achieve the goals and objectives of our program. The timelines tbr achievement of the

activities underlying each goal are presented in Table 4.3.

Goal 1 : Reduce Risk of lmpaired Cardiovascular Re,vnmse to (h'thostatic Stress

Objective 1A: Assess Risk and/or Determine Level of Acceptable Risk
• Continue to collect data from ongoing flights to determine incidence and level of risk of

orthostatic intolerance particularly during long term flights

Objective 1B: Determine Mechanisms
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• Understand alterations in nitric oxide and prostacyclin systems

• Understand alterations in circadian physiology

• Study alterations in CV regulation using CV System Identification

• Develop accurate computer models of CV System
• Study effects ofmicrogravity on blood vessels, lymphatics

• Study effects ofadrenergic agents (midodrine)

• Study effects of soluble guanylyl cyclase gene disruption

• Study effects of vestibular stimulation

• Develop and apply relevant ultrasound technology
• Assess volume, electrolyte and hormonal responses

• Assess effects of sleep disruption

• Assess effects of gender and age

• Develop pulsatile G suit
• Assess effects of artificial gravity

Objective 1C: Develop Countermeasures
Preliminary

• Evaluate pharmacologic alteration of nitric oxide and prostacyclin systems
• Evaluate circadian intervention

• Use CV System Identification to evaluate countermeasures
• Utilize CV models to simulate effects of countermeasures

• Evaluate vascular and lymphatic interventions

• Evaluate adrenergic agents (midodrine)

• Evaluate soluble guanylyl cyclase intervention
• Evaluate vestibular intervention

• Utilize ultrasound technology to evaluate countermeasures

• Evaluate volume regulatory and electrolyte interventions

• Evaluate sleep control intervention

• Evaluate gender and age dependent interventions
• Evaluate exercise countermeasure

• Evaluate pulsatile G suit
• Evaluate artificial gravity countermeasure

Mature
• "rest midodrine countermeasure in human ground studies

• Select and test most promising countermeasures and develop and test in human ground
studies

Evaluation and Validation

• Flight test midodrine countermeasure
• Flight test other countermeasures successful in mature countermeasure development

Operational Implementation
• Implement midodrine countermeasure

• Implement other countermeasures successful in evaluation and validation of counter-
measures

Goal 2: Reduce Risk of Occurrence o/Serimts ('ardiac Q_wrhythmias

Obiective 2A: Assess Risk and/or Determine Level of Acceptable Risk
• Obtain and analyze ECG data from prior and future flights to determine incidence of

dysrhythmias

Objective 2B: Determine Mechanisms
• Microvolt T-wave aiternans (MTWA) studies in patient populations to validate MTWA

as a non-invasive measure of susceptibility to ventricular dysrhythmias
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Objective 2C: Develop Countermeasures

Preliminary
• Test aldosterone antagonist (spironolactone) as potential

studies

• Measure MTWA in pre and post flight astronauts

• Evaluate dietary countermeasure in human studies

• Evaluate pharmacologic countermeasures in animal studies

• Measure effects of microgravity on susceptibility to ventricular dysrhythmias as measured

by MTWA in humans
• Measure effects of electrolyte alterations on susceptibility to ventricular dysrhythmias as

measured by MTWA in humans
• Measure effects of alterations in volume regulatory hormones on susceptibility to

ventricular dysrhythmias as measured by MTWA in humans
• Measure effects of age and gender on susceptibility to ventricular dysrhythmias as

measured by MTWA in humans
Develop animal model of microgravity altered susceptibility to ventricular dysrhythmias

Develop computer models of cardiac electrical activity in humans

countermeasure in human

• Evaluate countermeasures developed for Goal i in human studies

Mature

• Select and test most promising countermeasures and develop and test in human ground

studies
Evaluation and Validation

• Flight test countermeasures successful in mature countermeasure development

Operational Implementation
• Implement countermeasures successful in evaluation and validation of countermeasures

Goal 3: Reduce Risk of Diminished Cardiac Function

Objective 3A: Assess Risk and/or Determine Level of Acceptable Risk
• Obtain and analyze relevant data from prior and future flights to characterize and quanti_'

to what extent space flight causes cardiac atrophy and remodeling, whether the alterations
are reversible and whether they' pose a long-term risk to astronauts.

Objective 3B: Determine Mechanisms

• Develop myocyte and cardiac computer models
• Measure effects ofmicrogravity on cardiac mass
• Measure effects ofmicrogravity on myocyte function

• Measure effects ofmicrogravity on cardiac remodeling

• Measure role of calcium, hormones, genes, muscle degradation

• Develop ultrasound techniques to measure cardiac function

Objective 3C: Develop Countermeasures

Preliminary
• Use computer models to simulate potential countermeasures

• Evaluate growth hormone countermeasure

• Evaluate adrenergic countermeasure

• Evaluate dietary and exercise countermeasures

• Evaluate other pharmacological countermeasures
• Evaluate countermeasures developed for Goal I in human studies

Mature

• Select and test most promising countermeasures and develop and test in human ground
studies
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Evaluation & Validation

• Flight test countermeasures successful in mature countermeasure development

Operational Implementation
• Implement countermeasures successful in evaluation and validation of countermeasures

Goal 4: Reduce Risk of Manifestation of Previously Asymptomatic Cardiovascular Disease

Objective 4A: Assess Risk and/or Determine Level of Acceptable Risk

• Propose non-invasive screening protocol to detect asymptomatic cardiovascular disease

and test in ground-based study where subjects are followed for several years for
manifestations of cardiovascular disease.

Goal 5: Reduce Risk of lmpaired Cardiovascular Response to Exercise Stress
• Since current inflight exercise regimens appear to accomplish this goal, we do not plan

further activity in this area.

Goal 6: Develop new cardiovascular diagnostic and therapeutic technologies jbr space .[light

applications
Objective 6A: Solicit proposals

Goal 7: Develop new cardiovascular diagnostic and therapeutic technologiesJbr medical use on
Earth

Objective 7A: Solicit proposals

Goal 8: Integrate Research and Analysis

Objective 8A: Integrate Research Within the Cardiovascular Alterations Team.
• Continue scheduled discussions

Objective 8B: Integrate Research With Other Teams, Using Modeling as well as Other Approaches

• Integrate cardiovascular models with models of other organ systems to simulate inte-

grated physiologic behavior of multiple svstems
• Create models of individualized physiologic function from data collected on a single

astronaut at a single point in time

• Develop shared research protocols with other teams such as Ituman Performance,
Neurobehavioral, Neurovestibular. Rehabilitation, Technology Development, and Smart

Medical Systems.
Objective 8C: Integrate Research with Scientists Outside of NSBRI

4.6 SUMMARY

During space flight the cardiovascular system undergoes adaptive changes in structure and

function in response to weightlessness and other factors, such as sleep disruption, confinement
and additional environmental alterations. Space flight is associated with a movement of fluid

from the lower extremity to the thorax and head, a modest decrease in intravascular volume, and
a modest decrease in arterial pressure. In addition, there are alterations in the lymphatic, neural

and hormonal control systems. While these adaptations appear to be associated with generally

adequate cardiovascular performance during conditions of short-duration space flight+ they are

not appropriate upon reentry into a gravitational environment. Furthermore, the extent of
cardiovascular adaptation appears to increase with duration of space flight, and the magnitude

and implications of these adaptations for long-duration space flight (that is, months to years)

remain largely unknown.



Adverseeffectsof spaceflight on the cardiovascularsysteminclude: 1) Upon reentry into the

Earth's gravitational field, astronauts experience orthostatic intolerance, which limits their ability

to function during reentry and after landing and possibly could interfere with the ability of

astronauts to egress from the spacecraft under emergency conditions. Currently used
countermeasures, such as oral administration of salt and water prior to reentry and application of

anti-gravity suits, do not adequately prevent orthostatic intolerance, especially following long-

duration space flight. 2) A number of anecdotal reports suggest that long-duration space flight

might lead to an increased incidence of potentially serious heart rhythm disturbances. If space

flight does in fact significantly decrease cardiac electrical stability, the effects could be

catastrophic, potentially leading to sudden cardiac death. 3) Long-term space flight may lead to a
measurable reduction in cardiac mass. It is not known whether these cardiac alterations are

reversible and whether they pose a long-term health risk to astronauts. 4) Long-duration space

flight may exacerbate previously undetected cardiovascular disease, such as corona_ artery

disease. 5) Long-term space flight may impair cardiovascular response to exercise.

The aim of the Cardiovascular Alterations Team is to minimize these risks using the following

approach:
* Characterize and quantify the adverse effects of space flight on cardiovascular structure

and function

• Determine the mechanisms of these adverse effects

• Develop effective countermeasures to these adverse effects

• Develop new cardiovascular technologies for use in countermeasure development and for

spin-off applications on Earth

This approach involves an integrated team effort involving projects ranging from the molecular,
cellular, organ system, and whole animal investigations as well as computer simulations.

The team has already achieved advanced development of one countermeasure for orthostatic

hypotension, the alpha agonist midodrine. The team has progressed from ground-based studies

to having two flight studies approved, one of which will be testing the midodrine
countermeasure, the other of which will locus on alterations in vascular control mechanisms.

The team has successfully developed two new technologies. One of these technologies,
measurement of microvolt T-wave alternans is a non-invasive means of assessing risk of

ventricular arrhythmias and sudden cardiac death. This technology is being used to determine

whether microgravity predisposes astronauts to ventricular dysrhythmias. This technology has

been successfully commercialized, cleared by the FDA, reimbursed by Medicare. and is in

widespread clinical use to reduce sudden cardiac here on Earth, which claims 350,000 lives in the
United States each year. The other technology developed by the team is Cardiovascular System

Identification that non-invasively quantifies closed-loop cardiovascular regulation. This

technology is being used to assess mechanisms of post flight orthostatic hypotension, and also

has applications for diagnosis and management of heart failure, diabetes and hypertension on
Earth.

The team has developed effective cardiovascular computer models that have been used to

analyze and integrate data from multiple studies and evaluate potential countermeasures.
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Figure 4.1 - Relationship and Integration of Projects
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Table 4.1. Project Research Activities
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Use computer model

to analyze data from
animal and human

countermeasure studies

Test countermeasures

in human studies

Ground based testing

in humans of

• Midodrine

• Spironolactone

• Diet (Electrolytes)
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Table 4.1. Project Research Activities (continued)

Countermeasure

Target

Experimental

SystemPl/Project

Risk(s)

Addressed

COHEN Effects of

Space Flight on
Cardiovascular Stability

COOLAHAN/Distributed

Simulation of Integrated
Human Function

DELP ('irculatory
l_,emodeling xsith
Simulated Microgravity

D Orthostatic

hypotension
Exercise

Dysrhythmias

Orthostatic

hypotension
, D_ shythmias
, Cardiac

fimction
CV Disease
Exercise

• Pharmacological
(Midodrine and

Spironolactone)
• Diet (Electrolytes)

Simulation of effects
of wide variety of

different potential
countenneasures

including exercise

Pre and post flight
htmlans

Computer model
of the

cardiovascular

system integrated
with other s\,stems

Phase 1

Activities:

Focused

Mechanistic

Research

Effects of

microgravity on:
• CV regulation

(CV System
Identification)

eDysrhythmias
(T-Wave
AIternans)

Develop and
validate
accurate model

of myocyte and
heart

()rlhostatic

h) potension

Peripheral vascular
countermeasures

• ltindlimb

t,nloading (tIU)
of rats

• Shuttle flight
(STS-107) of
rats

Cardiac
ftmction
Exercise

Measure effects
and n_echansims
ofltU and

shuttle flight on:
cerebral &

peripheral
vascular beds,

lymphatics,
cardiac mass

Phase 2

Activities:

Preliminary

Countermeasure

Development

Research

Pre and post flight in
humans of
• Midodrine

• Spironolactone
• Diet (Electrolytes)

• Develop integrated
CV model

• Develop integrated
model incorporating
other systems
• Simulate effects of

space flight and

potential Cms
Evaluate data to

identify and then test
potential
countermeasures

Phase 3

Activities:

Mature

Countermeasure

Development

Research

Pre and post flight in
humans of
• Midodrine

• Spironolactone
• Diet (Electrolytes)
• Spironolactone

Analyze data from
animal and human
tests of
countermeasures

Test countermeasures
in human studies
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Table 4.1.

Pl/Project

LORELL'Cardiac

Unloading: Biologic
Mechanisms and
Countermeasures for

Cardiac Atroph3

MARK'Computational
Models of the
Cardiovascular Systenl

and its Response to
Microgravit3 and Disease

MCCULLOCll/Integrat

ed Modeling of Cardiac
Mechanical and
Electrical Function

MECK 'Mechanisnls of

Post-Space Flight
Orthostatic Intolerance

Project Research Activities (continued)

Risk(s)

Addressed

* Cardiac
function

• Orthostatic

hypotension

• Orthostatic

hvpotension
• Cardiac

function
• Exercise

• Orthostatic

hypotension
• Dysrhythmias
• Cardiac

fimction
• CV Disease
• Exercise
Orthostatic

hypotension

Countermeasure

Target

• Pharmacological
counterrneasures to:

reduce cardiac atroph>,:
suppress muscle
degradation, & restore
cardiac function

• Identify molecular

targets to modify
cardiac muscle growth

and degradation
Simulation of effects

of wide variet> of
different polcntial
eounternleasures

Simulation of effects

of _vide variety of

different potential
countermeasures

including exercise

Pharmacological
(Nitric oxide s>stern,
Adrenergic system)

Phase 2 Phase 3
Phase 1

Experimental

System

• tteterotopic
cardiac

transplantation
rodent model:
intact heart &

adult myocyte
•lransgenic
mouse models and

cultured myocytes

Computer model
of the
cardiovascular
S \ S I e111

Three dimensional
finite element

model of the heart

Pre and post flight
astronauts

Activities:

Focused

Mechanistic

Research

Stud>':
cardiac

remodeling,
myocyte
function, & role
of calcium,
hormones,
muscle

degradation,

_enes, kinases
Develop and
validate
accurate model
of
cardiovascular

s_,'stem
Develop and
validate
accurate three
dimensional
finite element
model of the
heart

Study effect of
space flight on:

responses to
adrenergic
agents & nitric

oxide s)'stem

Activities:

Preliminary

Countermeasure

Development

Research

Test:

• Low dose growth
hormone

• Adrenergic agonist

Sirnulate effects of

space flight and
potential
countermeasures

Simulate effects of

space flight and
potential
countermeasures

Propose and test
countermeasures in

ground based models

Activities:

Mature

Countermeasure

Development

Research

Test countermeasures
in human studies

Analyze data from
animal and human
tests of
countermeasures

Analyze data from
animal and human
tests of
countermeasures

Test countermeasures
in human studies

I
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Table 4.1. Project Research Activities (continued)

Pl/Project

MURAD/A soluble

guanyly I c) clase mouse
knock-out model

RAY'Effcct of Smn, lated

Microgravity on the
Vestibtdos} rnpathetic
Reflex in thunans

SHOU KAS'Mechanics
of Cardiovascular

Deconditioning

THOMAS

Echocardiographic
Assessment of CV

Adaptation and
Countermeasures in

Microgra', it}
WILLIAMS 'Influence

of Gender and Age on
Renal and Cardio-

Endocrine Responses to
Simulated Microgra', it)'

Risk(s)

Addressed

Orthostatic

hypotension

Orthostatic

hy potension

• Orthostatic

hypotension
• Cardiac

function

• Orthoslalic

h3polension
• Cardiac

function
• CV disease

• Exercise

• Orthostatic

Hypotension
• Exercise
• Cardiac

Function

• Dysrh) thlnias

Countermeasure

Target

Pharmacological
(affecting soluble

guanylyl cyclase
(sGC))
Countermeasures

affecting
vestibulosympathetic
reflex

• Pharmacological
(Adrenergic agents)
• Pulsatile G-suit

N/A

• Pharmacological
(Midodrine and

volume regulating
hormones)
• Diet (Electrol._tes)

Experimental

System

Tail-suspended
knockout mouse

Human bed rest
studies

• Hindlimb

t,nloading (ttU) of
rats

* Shuttle flight
(SFS- 107) of rats

• Core lab

anal', sis of
ultrasound data

• Development of
new ultrasound

techniques
• tlead dox_n tilt
bed rest Head
dmvn tilt bed rest -
hU Ill all S

• Sleepdisruption

• Groups vary by

Phase 1

Activities:

Focused

Mechanistic

Research

Study effect of
sGC gene
disruption on

the CVs.vstem
Study effects of
vestibular
stimulation and

bed rest on

swnpathetics
Measure effects
and mechansirr_s
of ItU and

shuttle flight on:
• vascular beds
• cardiac fctn

Study eltects of
interventions &
countermeasures

using ultrasound
techniques

Assess volume,

electrolyte,
hormonal

responses

a_,e and _ender
II

Phase 2

Activities:

Preliminary

Countermeasure

Development

Research

Study effect of sGC gen_
disruption on
development of
orthostatic hypotension
Propose and evaluate
feasibility of
countermeasures in
human studies

* Identify' and test

pharmacologic
counternteasures in
rodent model

• Develop pulsatile G-
suit

Study' effects of
interventions &

countermeasures using
ultrasound techniques

•Midodrine

•Spironolactone
• Diet (Electrolytes)

Phase 3

Activities:

Mature

Countermeasure

Development

Research

Propose and test
pharmacologic
countermeasures

Test countermeasures
in human studies

rest countermeasures
in human studies

Study effects of
interventions &

countermeasures using
ultrasound techniques

•Midodrine

•Spironolactone
• Diet (Electrolytes)

"/i'_
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Table 4.2. Integration Activities

Internal
Communication

Integrated
Experiment

Development

Sample Sharing

Synergistic
Studies of

Opportunity

Development of

Computer Model of
Integrated Human
Function

Bayorh

*Animal studies group
*All

*Animal Studies

(Animal studies group)

*tluman and Computer
Studies (All)

*Tissue (Animal studies

group)

*Data (All)

• Animal Studies

(Animal studies group)

• Human and Computer
Studies (All)

*CV technology group

Bers

*CV technolog_ group
*All

• Computer Studies (CV

technology group)
• Human and Animal

Studies (All)

*Computer Code (CV

technology group)

,Data (All)

*Computer Studies (CV
technology group)
,tluman and Animal

Studies (All)

*CV technolog_ group

Cassone

*Animal studies group
*All

*Animal Studies

(Animal studies group)

*Human and Cornputer
Studies (All)

*Tissue (Anirnal studies

group)
*Data (All)

*Animal Studies(

Animal studies group)

• Human and Computer

Studies (All)

*CV technology group

Cohen

,Human studies group
*All

*Human Studies

(Human studies group)

.Animal and Computer
Studies (All)

*Blood and Urine

(Human studies group)

*Data (All)

ttuman Studies (Humans

studies group)
Animal and Computer

Studies (All)

• CV technology group

Coolahan

*CV technology group
*All

,Computer Studies (CV

technology group)
*Human and Animal

Studies(All)

*Computer Code (CV

technology group)

*Data (All)

*Computer Studies (CV
technology group)
*Human and Animal

Studies (All)

*CV technology group

Human Studies Group = Cohen, Meck, Ray, Williams, and collaborators from other Teams

Animal Studies Group = Bayorh, Cassone, Delp, Lorell, Murad Shoukas, and collaborators from other Teams

CV Technology Group = Bers, Coolahan, Mark, McCulloch, Thomas, and collaborators from other Teams
Collaborators from other Teams include members of Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology Development, and Smart Medical

Systems Teams



National Space Biomedical Research Institute
CARDIOVASCULAR ALTERATIONS PROGRAM

Table 4.2. Inteqration Activities (continued)

Internal
Communication

Integrated
Experiment

Development

Sample Sharing

Synergistic
Studies of

Opportunity

Development of

Computer Model of

Integrated Human
Function

Delp

*Animal studies group
*All

=Animal Studies

(Animal studies group)

eHulnan and Computer

Studies (All)

*Tissue (Animal studies

group)
*Data(All)

*Animal Studies

(Animal studies group)

*ltuman and Computer
Studies (All)

*CV technology group

Lorell

*Animal studies group
*All

*Animal Studies

(Animal studies group)

*Human and Computer
Studies (All)

*Tissue(Animal studies

group)

*Data (All)

°Animal Studies

(Animal sit,dies group)

*ltuman and Computer
Studies (All)

oCV technology group

Mark

• CV technology group
*All

• Computer Studies (CV
technology group)
• Human and Animal

Studies (All)

*Computer Cod e(CV

technology group)

*Data (All)

*Computer Studies (CV
technology group)
°Human and Animal

Studies(All)

• CV technology group

McCulloch

*CV technology group
*All

*Computer Studies (CV

technology group)
°Human and Animal

Studies(All)

*Computer Code (CV

technology group)

*Data (All)

*Computer Studies (CV

technology group)
-Human and Animal

Studies(All)

*CV technology group

Meck

*Human studies group
*All

*Human Studies

(Human studies group)

*Animal and Computer
Studies (All)

*Blood and Urine

(Human studies group)

*Data (All)

Human Studies

(Humans studies group)

Animal and Computer
Studies (All)

*CV technology group

Human Studies Group = Cohen, Meek, Ray, Williams, and collaborators from other Teams
Animal Studies Group = Bayorh, Cassone, Delp, Lorell, Murad Shoukas, and collaborators from other Teams

CV Technology Group = Bers, Coolahan, Mark, McCulloch, Thomas, and collaborators from other Teams
Collaborators from other Teams include members of Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology Development, and Smart Medical

Systems Teams



National Space Biomedical Research Institute

CARDIOVASCULAR ALTERATIONS PROGRAM

Table 4.2.

Internal

Communication

Integrated

Experiment
Development

Sample Sharing

Synergistic
Studies of

Opportunity

Development of

Computer Model of
Integrated ltuman
Function

Integration Activities (continued)

Murad

*Animal studies group
,All

• Animal Studies

(Animal studies group)

• ttuman and Compt,ter
Studies (All)

• Tissue (Animal studies

group)
• Data (All)

*Animal Studies

(Animal studies group)

.lluman and Computer

Studies (All)

• CV technology group

Ray

• Human studies group

.All

• Human Studies

(Human studies group)

• Animal and Computer

Studies (All)

• Blood and L!rine

(Human studies group)

• Data (All)

ttuman Studies

(llumans studies group)

Animal and Computer
Studies (All}

• CV technolog_ group

Shoukas

• Animal studies group
,All

• Animal Studies

(Animal studies group)

• tluman and Computer
Studies (All)

• Tissue (Anirnal studies

group)
.Data(All)

• Animal Studies Animal

studies group)

• lluman and Computer
Studies (All)

• CV technology group

Thomas

• CV technology group
.All

• Human and Animal

Studies(All)

• Computer Studies (CV

technology group)

• Data (All)

• Computer Code (CV

technology' group)

• ttuman and Animal

Studies (All)

• Computer Studies (CV
technology' group)

• CV technology' group

Williams

*Human studies group
"All

.Human Studies

(Human studies group)

.Animal and Computer
Studies (All)

• Blood and Urine

(Human studies group)

• Data (All)

Human Studies

(Humans studies group)

Animal and Computer

Studies (All)

*CV technology' group

Human Studies Group = Cohen, Meck, Ray, Williams, and collaborators from other Teams
Animal Studies Group = Bayorh, Cassone, Delp, Lorell, Murad Shoukas, and collaborators from other Teams

CV Technology Group = Bets, Coolahan, Mark, McCulloch, Thomas, and collaborators from other Teams
Collaborators from other Teams include members of Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology Development, and Smart Medical

Systems Teams
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Table 4.3a. Achievinq Goal 1" Reduce Risk of Impaired Cardiovascular Response to Orthostatic Stress

Countermeasure Development Phases
Pre 2001 2002 2003 2004 2005 2006

2001

II

Phase 0: Observational & Phenomenologicai Research

• Obtain & analyze relevant data from prior and future flights

Phase 1: Focused Mechanistic Research

• Study alterations in CV regulation using CV System Identification
• Study effects of adrenergic agents (midodrine)

• Assess volume, electrolyte and hormonal responses
• Understand alterations in nitric oxide and prostacyclin systems

• Understand alterations in circadian physiology
• Develop accurate computer models ofCV S5stem
• Study effects of microgravity on blood vessels, lymphatics
• Study effects of soluble guanylx I cyclase gene disruption
• Stud) effects of vestibular stimulation

• Develop and apply relevant ultrasound technology
• Assess effects of sleep disruption
• Assess effects of gender and age

• Develop pulsatile G suit
• Assess effects of artificial gravity

Phase 2: Preliminary Countermeasure Development Research

• Evaluate adrenergic agents (mido'drine)

• Evaluate pharmacologic alteration of nitric oxide and prostacyclin systems

• Evah,ale circadian intervention

• Use CV System Identification to evaluate countermeasures

• Utilize CV models to simulate effects of countermeasures

• Evaluate vascular and lymphatic interventions

• Evaluate soluble guan_ lyl cyclase intervention
• Evaluate vestibular intervention

• Utilize ultrasound technology to evaluate countermeasures

• Evaluate volume regulatory and electrolyte interventions

• Evaluate sleep control intervention

2007]2008 2009 2010 201112012



Table 4.3a. Achieving Goal 1"

National Space Biomedical Research Institute

CARDIOVASCULAR ALTERATIONS PROGRAM

Reduce Risk of Impaired Cardiovascular Response to Orthostatic Stress (continued)

Countermeasure Development Phases Pre
2001

Phase 2: Preliminary Countermeasure Development Research

• Evaluate gender and age dependent interventions

• Evaluate exercise countermeasure

• Evaluate pulsatile G suit

• Evaluate anificial gravity countermeasures

Phase 3: Mature Countermeasure Development Research _!"--"
l

- Test midodrine cotmtermeasure in human ground-based studies

• Select and test most promising countermeasures and develop and test in human

ground studies

Phase 4: Countermeasure Evaluation & Validation
IlllUllll llllllU

• Flight test midodrine countermeasure

• Flight lest other countermeasures successful in Phase 3 i,.m.,.._-.-., i_i..,-,,...._ i

Phase 5: Operational Implementation of Countermeasure Strateg3' --il

• hnplenlenl midodrine countermeasure

• Implement other c(mntermcasures in Phase 4

200112002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

I I
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Table 4.3b. Achieving Goal 2: Reduce Risk of Serious Cardiac Dysrhythmias

Countermeasure Development Phases
Pre 2001

!001

Phase 0: Observational & ehenomenological Research __

• Obtain & analyze ECG data from prior and fllture flights

Phase 1: Focused Mechanistic Research I 1

• Microvolt T-wave alternans (MTWA) studies in patient populations

. Measure effects of microgravity on MTWA

• Measure effects of electrolyte alterations

• Measure effects of alterations in volume regulatory hormones

• Measure effects of age and gender

• Develop animal model

• Develo corn uter models of cardiac electrical activit ' ,.i,._, 1

Phase 2: Preliminary Countermeasure Development Research .i..,_.l

• Measure MTWA in pre and postflight astronauts

• Test aldosterone antagonist as countermeasure in human studies

, Evaluate dietary countermeasures in human studies

• Evaluate pharmacologic countermeasures in animal studies
• Evaluate countcm_easures develo ed for Goal I in human studies

_ llimlmi IlRU_II lllll Illmlmllllm 1

Phase 3: Mature Countermeasure Development Research l
_ m _ m _mmm_mml

• Select and test most promising countermeasures and develop and test in human

m

2002_ _2005 2006 2007 _.2008 2009 2010

. =-'____'__''"m mm :

l mmmm mmmm mmm mmmmm mmm I

lmmmm mmmmm mmmm mmmmmm mmmmmm

II I

)
mmm,----i_mm mmmlmm mmm

lmmmm m

_*_,: !i i_ _-,_ _ .....

,round studies

Phase 4: Countermeasure Evaluation & Validation

• Flight test countermeasures successful in Phase 3

Phase 5: Operational Implementation of Countermeasure Strateg3'

• Implement countermeasures successful in Phase 4

2011 2012

m
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Table 4.3c. Achieving Goal 3: Reduce Risk of Diminished Cardiac Function

Countermeasure Development Phases
ere

2001

Phase 0: Observational & Phenomenological Research
Ill

* Obtain & analyze relevant data from prior and future flights

Phase 1: Focused Mechanistic Research 1
immiIi

• Develop myocyte and cardiac computer models

• Measure effects of microgravity on cardiac mass

• Measure effects of microgravity on myocyte function

* Measure effects of microgravity on cardiac remodeling

• Measure role ofcalcium, hormones, genes, muscle degradation

Phase 2: Preliminan' Countermeasure Development Research ,.,_= .i-_..'-"-'---1

• Use computer inodels to simulate potential countermeasures

• Evalua|e gl-O\_ th hornlone counlerllleasure

• Evaluate adrenergic counternleasure

• Evaluate dietary and exercise counlermeasures

• Evaluate other pharmacological cot,ntermeasures

• Evaluate countermeasures develo ed for Goal 1 in human studies I

Phase 3: Mature Countermeasure Development Research
/

• Select and test most promising countermeasures and develop and test in human

2001 2002 2003 2004 20052006'2007 2008 2009 2010 2011 2012

,f,_9_1 ....... ' "

lillllI1 lIllli imlimlll IIlInII I

III I

IIII

l r
IlIII

,round studies

'Phase 4: Countermeasure Evaluation & Validation .... --1
IllllIl

• Flight test countermeasures successful in Phase 3

Phase 5: Operational Implementation of Countermeasure Strategy --iIII'RIII==mIIIIIlmWIIUIIIIII I
iiIIIIIII

• hnplement cotJnterllleasures successful in Phase 4
i ii iii I i

l l ll



5.0 HUMAN PERFORMANCE FACTORS, SLEEP & CHRONOBIOLOGY

Team Leader: Charles A. Czeisler, M.D., Ph.D.
Professor of Medicine, Harvard Medical School

Chief, Division of Sleep Medicine

Brigham and Women's Hospital

221 Longwood Avenue, Room 438A

Boston, MA 02115
617-732-4013

617-732-4015 FAX

caczeisler@hms.harvard.edu

5.1 INTRODUCTION

Sleep and circadian rhythm systems are fundamental regulatory processes of the nervous system
and the most ubiquitous endogenous controls of human biobehavioral functions-everyone-is

internally programmed to sleep every night. The need for sleep is a homeostatic drive that occurs

regardless of time of day, but the endogenous circadian pacemaker also modulates it.
Conversely, the endogenous circadian pacemaker oscillates regardless of the need for sleep,

although its promotion of wakefulness can be overwhelmed by elevated homeostatic sleep drive.

These two powerful neurobiological systems interact continuously to control brain state (i.e.,

waking vs. sleep) and the intensity of state (e.g., alert vs. sleepy). Sleep and circadian

rhythmicity also temporally modulate a wide range of physiological functions (e.g., body

temperature, cardiovascular activity, respiration, immune responses), hormonal functions (e.g.,

growth hormone, melatonin, cortisol, thyroid hormones), behavioral functions (e.g., movement,

posture, reaction time), and cognitive functions (e.g., fatigue, alertness, vigilance, memory,
cognitive throughput). No astronaut-no matter how much training, preparation, nutrition,

psychosocial support, or environmental protection is provided-is immune from the daily control

of physiology and performance by the homeostatic drive for sleep and the endogenous circadian
timing system. Failure to take these two interactive neurobiological imperatives into account

when planning human activities in space could have catastrophic consequences.

The success of human space missions therefore depends on each astronaut remaining alert and

vigilant while operating sophisticated equipment and following complex procedures. During

exploration class space missions, the space environment affects a number of physiological
systems critically involved in human performance, and it is vital to mission success to understand

the biological limits of human performance under such conditions. It has been demonstrated that

both acute gravitational changes and space flight disrupt circadian rhythms and reduce sleep.
Since circadian disruption and sleep loss result in both physiological and performance deficits,
this team is focused on these issues and, in particular, is concerned with the following aspects of

the space environment: microgravity, altered light-dark cycles and altered or reduced sleep/rest

opportunities that may involve extended durations of wakefulness. The primary thrust of this

team's research program involves altered circadian organization, sleep disruption and cumulative

sleep loss, and the associated neurobehavioral decrements occurring

during exploration class missions.

The need for sleep and the circadian pacemaker have a sustained influence over many biomedical

systems essential for maintaining astronaut physical condition, mental health, and performance

capability. Dysfunction of sleep and circadian systems can adversely affect an organism's ability
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to respondto environmentalchallengesandhasbeenlinked to physiologicalandpsychological
disorders.This areathereforehasa high degreeof relevanceto a numberof cardiovascularand
immune changes, neurovestibular alterations and nutritional needs, and behavioral and
psychologicalhealthin spaceflight.

5.2 RISKS

The following risks in the Human Behavior and Performance Discipline Area of the Critical Path

Roadmap have been identified:
• Human Performance Failure Because of Sleep and Circadian Rhythm Problems (19)

• Human Performance Failure Because Of Human System Interface Problems and

Ineffective Habitat, Equipment, Design, Workload, or In-flight Information and Training

Systems

Risk number 19 includes both neurobehavioral performance failure as well as physiological

performance failure due to sleep or circadian rhythm disturbances and is a very, complex risk.
For our research purposes, therefore, we have broken this risk down further into:

• Risk of Human Neurobehavioral or Physiological Performance Failure Due to Disruption

of Circadian Phase, Amplitude, Period, or Entrainment During Space Exploration.

• Risk of Human Neurobehavioral or Physiological Performance Failure Due to Acute or

Chronic Degradation of Sleep Quality or Quantity During Space Exploration

5.3 GOALS

The Human Performance Factors, Sleep and Chronobiology Team has the following goals for its

program:

Risk-Based Goals

Goal 1: Reduce the risk of human neurobehaviorul or physiological performance./ailure due to

disruption o)c circadian phase, amplitude, period, or entrainment during space

exploration.

Goal 2: Reduce the risk of human neurobehavioral or physiological performance/_tilure due to

acute or chronic degradation of sleep quali O" or quanti O' during space exploration.

Goal 3: Reduce the risk of human neurobehavioral or physiological per/ormance failure due to

habitat design, equipment design or workload distribution during space exploration.

Non Risk-Based Goals

Goal 4: Develop new methods.lbr monitoring the status Of sleep, sleep homeostasis, circadian

rhythmicity and neurobehavioral pep?hJrmanc'e during .v)ace tTight.

Goal 5: Develop new method_' �or monitoring ambient and retinal light exposure
(illuminance/photopic lux, broadband visible irradiance, and circadian eD_'ctive

illuminance/circadian lux) on board .wac'e shuttle and ISS during space/light and on

planetary habitats.
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Goal 6:

Goal 7:

Develop Earth-based applications of technologies .for non-invasively monitoring the
status of sleep, sleep homeostasis, circadian rhythmicity and neurobehavioral

performance .for industrial and medical use.

Develop Earth-based applications of high-fidelity mathematical models of performance
based on circadian organization and sleep-wake history for industrial and medical use.

Goal 8: Develop Earth-based applications of technologies developed to reduce the risk of
human neurobehavioral or physiological performance .failure due to disruption o[

circadian phase amplitude, period or entrainment.

Goal 9: Develop Earth-based applications of technologies developed to reduce the risk of
human neurobehavioral or physiological performance Ji_ilure due to acute and chronic

degradation of sleep quality or quantity.

Goal 10: Develop Earth-based applications of technologies developed to reduce the risk _[

neurobehavioral or physiological pet?[brmance failure due to extended duration work

schedules (e.g., on-call schedules used in medical training, nuclear power plant

shutdowns, military operations) or night sh![? work.

Goal 11 : Integrate research and analysis

5.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

Current Research Program

The Human Performance Factors, Sleep and Chronobiology Team is focused on developing

countermeasures for the sleep loss and circadian dysfunction and associated neurobehavioral

performance decrements that occur during long-duration space flight. The team research

objectives are driven by the Critical Path Roadmap related to Human Performance Failure

because of Sleep and Circadian Rhythm Problems. The current research program involves nine

ground-based research projects. Thc strategy of thc l luman Perlbrmance Factors. Sleep and

Chronobiology Team is to develop a synergistic interaction between research projects at the

molecular, cellular, organism, and human levels, and to integrate predictive biomathematicai

modeling of the sleep and circadian systems.

In 2001, the HPFSC Team was substantially restructured. The current team is comprised of nine

PIs, six of whom are new NSBRI investigators. Three of these six new NSBRI investigators are

new to the space science community, a direct result of the recruitment efforts made within the

science community. In order to achieve the goals listed above, the Human Performance Factors,

Sleep and Chronobiology Team has identified the following six interrelated themes within this

research area:

A. Effects of long-duration space flight on sleep and/or circadian rhythmiciD. The
focus of this theme is to identity' and understand the mechanism underlying the effect of

long-duration space flight (microgravity, altered light intensity, loss of geophysical cues.

isolation, altered physical activity, etc.) on neurobiologic, endocrinological, and
behavioral functions (molecular, cellular and organismic) that control sleep and circadian

systems.
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B. Effects of sleep loss and/or circadian dysfunction on physical and neurobehavioral

performance. The focus of this theme is to identify and to understand the mechanisms
underlying the acute and chronic adverse effects that sleep loss, sleep disruption, and/or

circadian dysfunction have on critical physiologic and performance parameters during

long-duration space flight (e.g., neurophysiologic function, physiological alertness,
vigilance, cognitive performance, mood/morale, problem solving and communication).

C. Predictive modeling of performance based upon circadian organization and sleep
homeostasis. This theme is concerned with the development of analytical or phenome-

nological mathematical models that predict individual human performance capability by

involving multiple subsystems (e.g., circadian rhythmicity, sleep homeostasis, work-rest

schedules, etc.) as an integrated unit across levels of organization, and by estimating the

impact of countermeasure use designed to optimize human physical and/or

neurobehavioral performance.

D. Countermeasures to optimize sleep and facilitate circadian adaptation in space and

maintain optimal neurobehavioral performance. The research program of this team
will not only define the impact of the space environment on sleep and circadian

rhythmicity and the effects of the sleep loss and circadian dysfunction on performance but
also will develop methods to counter the adverse physiological and behavioral events.

These countermeasures may include behavioral, pharmacological, environmental light or

other adaptive approaches to maintain function and performance under the adverse

conditions of long-duration space flight.

E. Monitoring and assessment during space flight. This theme deals with the develop-
ment of methods for monitoring the status of sleep, sleep homeostasis and circadian

organization, as well as technologies that monitor ambient lighting conditions on space
shuttle and ISS and assess and update the current functional status or performance

capability of the individual

The initial strategic research program for the Human Performance Factors, Sleep and

Chronobiology Team addresses the five research themes described above and is focused on

developing countermeasures for the sleep loss and circadian dysfunction and associated
neurobehavioral and physiological performance decrements that occur during long-duration

space flight. The schematic of the circadian and homeostatic regulation of sleep and alertness
and physiological functions shown in Diagram 5.1 illustrates the relationships between the nine

current ground-based experiments that comprise the Team. with the principal targets of each

project indicated. This diagram illustrates the interrelated nature of the projects, designed to fill

critical gaps in knowledge that need to be filled in order to develop effective countermeasures for

long-duration space flight. Each of the individual projects is summarized below and in Table

5.1, including which goal(s) are addressed and countermeasure targets.

Brainard et al.: Optimizing Light Spectrum _r Long Duration Space Flight

The physiological changes caused by disturbed circadian rhythms and altered sleep-wake patterns
can result in decrements in alertness, concentration, and performance. This project addresses

these risk factors, which threaten the safety of personnel and the objectives of space missions as

stated in Goal 3.

Countermeasure targets include:
1. Identification of the optimum spectrum for photic resetting o f the circadian pacemaker:

2. Design specifications for space suit visors and the windows used in space vehicles and
habitats; and

3. Engineering parameters for the ideal spectral distribution tbr illumination of general living

quarters during space exploration.
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Czeisleret al.: Circadian Entrainment, Sleep-Wake Regulation & Performance during Space

Flight
The intent of this project is to develop countermeasures to facilitate adaptation of the human

circadian pacemaker to the 24.65-h day length of Mars, which is outside the range of entrainment

of the human circadian pacemaker given the weak synchronizing stimuli within the Martian

habitat. This project applies to Goal 3.

The primary countermeasure target is to evaluate the efficacy of intermittent bright light pulses
as a treatment to reduce the risk of the misalignment of circadian phase, sleep disruption,

associated decrements in neurobehaviorai performance and reduction in nocturnal growth

hormone secretion experienced by individuals.exposed to the 24.65h Martian day.

Dinges et al.: Countermeasures to Neurobehavioral Deficits From Partial Sleep Loss

Using a response surface experimental paradigm (RSM), this project seeks to reduce
neurobehavioral deficits and fatigue due to inadequate sleep in astronauts by investigating how

variations in sleep duration and its circadian placement relate to the return of performance per

time invested in sleep. This project applies to Goal 2.

Countermeasure targets include determination of the amount of naptime necessau' to

compensate for interrupted nocturnal sleep periods for the prevention of cumulative sleepiness

and performance deficits.

Fuller et al.: Primate Circadian Rhythms in the Martian Environment

This project is focused on the ability of the circadian time system to synchronize to the Martian

photic (spectrum and period) by examining the effects of 1.0. 1.5 and 2.0G on the period of the

circadian pacemaker. A G vs. period model will be developed to predict the effect of the 0.38 G
Martian environment on the period of the circadian pacemaker. Long-term (4 months)

physiological and behavioral responses will be examined.

Countermeasure targets include the use of timed bright light pulses on circadian entrainment.

This program will develop a primate model to evaluate physiological and behavioral

consequences of long-term exposure of males and females to altered lighting and gravitational

environments. This project applies to Goals 1 and 3.

Jewett et al.: Mathematical Model for Scheduled Light Exposure: Circadian�Performance

Countermeasure

The intent of this project is to further develop and refine our mathematical dynamic stimulus

processing model so that it can accurately predict the phase and amplitude of the human
circadian system under any lighting system especially those which are in space. The
mathematical Neurobehavioral Pertbrmance model validated against performance data collected

will result in the development of a user-friendly Performance Simulation Software program.

This project applies to Goals 1 through 4.

Countermeasure targets include the design of shift schedules to allow astronauts to receivc

available bright light at appropriate times for proper circadian alignment with their sleep/wake
schedules.
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Menaker et ai.: A Model of Circadian Disruption in the Space Environment

This project proposes to evaluate the effects of "constant" conditions and shift work schedules on

the maintenance of circadian rhythmicity when the central and peripheral structures are

abnormally phased. The resulting abnormal circadian organization is "dysphasia." This project

applies to Goal 1.

Countermeasure targets include an evaluation of meal timing, melatonin administration, forced

exercise, and short pulses of complete darkness as a treatment to reduce the risk of circadian

dysphasia.

Morin et al.: Circadian and Vestibular Relationships

This project seeks to determine the route by which a correlate of the non-photic stimulus, i.e.,

locomotion, might gain access to the circadian rhythm system and shift rhythm phase. It has also

opened the possibility that the vestibular system is a specific route by which sensor), information
related to head movement might gain access to the circadian system. This project applies to Goal
1.

Countermeasure targets include an evaluation of a non-locomotor, non-photic three-dimensional
motion stimulus to activate functionally the vestibular and circadian systems, laying the

groundwork for the future development of novel approaches for the treatment of space motion

sickness and for resetting circadian phase.

Tosini et al.: Long-Term Exposure to Dim Light Desynchronizes the Circadian System of Rats

The goal of this project is to understand the mechanisms responsible for the desynchronization of

circadian rhythm in locomotion and the en©'mes responsible for the production of melatonin.

Investigating the effect that internal desynchronization has on the immune response and motor

and cognitive performances. This proiect applies to Goal 2.

Countermeasure targets include an evaluation of the use of melatonin as a pharmacological

agent to counteract desynchronization of the circadian rhythms.

Turek et ai.: Animal Model for Sleep Loss and Circadian Disrlq_timl

This prqiect will focus on determining the effects of 12 hours of imposed wakefulness on
circadian rhythms, sleep-wake cycles, neurobehavioral and motor performance measures during

normal active and inactive periods. This project applies to Goals 1 and 3.

Countermeasure targets include treatment exercise and with either physiological or

pharmacological dose of melatonin reduce the effects of circadian disruption and sleep loss as
well as alleviate the adverse effects associated with work at different times of day.

Achieving Non Risk-Based Goals

Goal 4: Develop new methods fi_r monitoring the status _?f sleep, sleep homeostasis, circadian

rhythmicity and neurobehavioral per/brmance during space/light.
To achieve this goal, current studies are being conducted to assess the potential of using the

Actiwatch-L (a wrist-worn light and actigraphy recording device already approved for space

flight) to monitor sleep and light exposure of individual crcwmembers while in space. This

device could replacc more extensive polysomnography devices used in more recent studies of

sleep in space. Studies are also underway that compare the wrist-level Actiwatch-L light

recordings with eye-level light measurements. Work is progressing on the use of the Actiwatch-
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L measurementsas inputs to a mathematicalmodel that can then predict the level of sleep
homeostasis,phaseof circadianrhythmicityandrelativeneurobehavioralperformancelevels.

Goal 5: Develop new methods.for monitoring ambient and retinal light exposure (illuminance/

photopic lux, broadband visible irradiance, and circadian effective illuminance/circadian lux) on

board space shuttle and ISS during spaceflight and on planetary habitats.
For measurement of retinal light exposure in space, please see Goal 4 above. For ambient light

exposure, wall-mounted ambient light recording devices have been tested aboard the Space
Shuttle in the Neurolab flight. The team's current studies will help determine the circadian
effective illuminance and irradiance levels, and then these recording devices can be refined to

measure circadian-activating light levels more precisely.

Goal 6: Develop Earth-based applications of technologies .for non-invasively monitoring the

status of sleep, sleep homeostasis, circadian rhythmicity and neurobehavioral per/brmance for

industrial and medical use.

The polysomnography device that was developed for the recording of sleep in space in the
Neurolabb Shuttle flight has become a useful, wire-free device for recording polysomnography in
lab-based and home-based basic science and clinical studies. This technology has the advantage

of being appropriate for use when ambulatory and is straightforward enough for a trained person

to apply to themselves.

The use of salivary melatonin as a marker of circadian phase has been applied in both space and

on Earth and is a technology that allows the validation of experimental and modeling results in

field studies in which plasma melatonin measurements would not be possible.

Mathematical models that are developed to predict neurobehavioral performance in space are

also being used to determine appropriate shift scheduling, light exposure, sleep timing, and

countermeasure applications for shift workers, pilots, militars. and medical personnel, and

transportation workers who also face the challenges of restricted sleep and circadian

misalignment here on Earth. Neurobehavioral test batteries that are developed for these projects
are useful for the validation of mathematical models in field and laboratory studies as well.

Goal 7: Develop Earth-based applications of high-/idelity mathematical models o/per/ormance

based on circadian organization and sleep-wake histoo' /or industrial and medical use.
The mathematical models of performance that are being developed in this project can be applied

to any Earth-based situation in which it would be helpful to know the effects of a sleep/wake
schedule and a light exposure pattern on resulting neurobehavioral performance (e.g., shift

workers, pilots, military and medical personnel, and transportation workers). Therefore, the
mathematical models developed here have been programmed into user-friendly simulation

software that can be used by anyone to predict neurobehavioral performance given light exposure

levels and sleep/wake histo_'. This software is updated with model revisions and user-interface

improvements on a regular basis.

Goal 8: Develop Earth-based applications of technologies developed to re_h_ce the risk _/
human neurobehavioral or physiological pel_/ormancc failure due to disruption of circadian

phase amplitude, period or entrainment.
The studies conducted here improve our understanding of the effects of light on the human
circadian svstem and the role that the circadian system plays in neurobehavioral performance.

These findings are incorporated into our mathematical models on an ongoing basis. ]his allows
us to then determine the best light schedule and intensities to reduce the risk of performance
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failure by appropriatelyaligning the circadian system with the work/rest schedule. This
technologyis alreadycurrently in use in transportation,military and industrial settingshereon
Earth.

Goal9: Develop Earth-based application so technologies developed to reduce the risk of human
neurobehavioral or physiological performance failure due to acute a chronic degradation of

sleep quality or quantity.
Our projects will help determine the amount and timing of sleep that best allows people to work
extended and/or misaligned shifts with the least risk of pertbrmance failure. These findings will

also be incorporated into the mathematical model being developed here. The model can then be
used to help schedule rest/nap/sleep times so that they are the most effective in improving

performance levels.

Goal 10: Develop Earth-based applications to technologies developed to reduce the risk of

neurobehavioral or physiological performance.failure due to extended duration work schedules .

(e.g., on-call schedules used in medical training, nuclear power plant shutdowns, military

operations) or night shi/t work.
Studies investigating the effects of extended duration work schedules in these projects allow us
to determine the best timing of countermeasures (light exposure, naps, melatonin, etc.) to

improve performance. These findings are completely applicable to any extended duration work
schedules used here on Earth.

Goal 11 : Integrate research and analysis
Our goal is to integrate research within the Human Performance Factors, Sleep and

Chronobiology Team, with other teams, and with work being done by Team investigators not

directly supported by NSBRI. See a summary of our activities in Table 5.2.

Program Gaps
The Human Performance Factors, Sleep and Chronobiology Team has nine ground-based

projects currently funded until 2003 or 2004. The External Advisory Council of the NSBRI rated

the current research program of the Human Performance Factors. Sleep and Chronobiology Team
as "excellent" in its initial evaluation in September 2000, and recommended that additional

funding be set aside in the next research announcement "'in order to solicit proposals in those
areas identified as gaps in the current team". Therefore, in addition to the progress toward

countermeasure development anticipated from the currently funded research projects, it is

anticipated that the following four research questions will be addressed in the remaining years of

the 5-year strategic plan.

Physical effects. Proposal are sought to determine how space flight or exposure to chronic sleep

restriction and/or circadian disruption affect sleep- and/or circadian-mediated neuroendocrine,

metabolic, neurologic or autonomic functions, particularly thosc relevant to risk mitigation (c.g.,

growth factors, nutrition, glucocorticoids, monoamines) during extended duration missions.

Monitoring the status of sleep, sleep homeostasis, circadian rhythmici_' and/or

neurobehavioral performance during space flight. Proposals are sought to validate

methodologies that are portable and non-intrusive in the space flight environment to assess sleep
and/or circadian rhythms and monitor light on space shuttle. ISS and other long duration space

environments.
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Novel countermeasure development. Proposal are sought to determine how recent advances in

the neurobiology of sleep and/or circadian rhythms (orexin/hypocretin system, circadian

photoreception, output pathways for regulation of sleep or circadian rhythms) can be used to
develop countermeasures to facilitate adaptation to and thereby maintain optimal

neurobehavioral performance during an exploration class space mission.

Age, gender and inter-individual differences. Proposals are sought to determine how age_

gender and individual biological and behavioral characteristics alter sleep- and/or circadian-

mediated physiologic responses to, and risk mitigation for, prolonged space flight.
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Diagram 5.1. Description of Current (2001) Program for Human Performance Factors, Sleep and

Chronobiology. This diagram illustrates the relationships between the different physiological systems investigated by the different

projects on tile team. Illustrated is the influence of the retinal light exposure on the human circadian clock (circle with the oscillator

s}mbol -) and the influence o11 the sleep-wake state (S/W), and their effect o11 a number of physiological variables (melatonin,

temperature, etc.). A cornbined influence of the circadian clock and sleep-wake is exerted on neurobehavioral variables (sleep-wake

propensity, alertness, etc.). The sleep-wake state influence is illustrated via the intermediary of the sleep homeostat (SH), and sleep

inertia (SI). The global influence of factors associated to Space Flight (micro gravity, isolation, etc.) on the sleep and circadian

systems is also represented. The interaction of the Vestibular Nucleus (VN) and its output pathways with the circadian pacemaker is

being investigated by one project.
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5.5 OBJECTIVES AND STRATEGIC ACTIVITIES

The objectives underlying each goal are presented below along with strategic activities
that will be used to achieve the goals and objectives. Table 5.3 provides a timeline for

the completion of these activities.

Risk-Based Goals

Goal 1: Reduce the risk of human performance failure due to disruption of circadian

phase, amplitude, period, or entrainment.

Objective 1A: Assess risk and target level of acceptable risk
• Complete projects that characterize and quantify neurobehavioral performance

decrements associated with circadian misalignment (Czeisler, Dinges, Jewett

projects)
• Complete projects that quantify the impact of chronic circadian disruption on

recovery sleep, circadian adjustment and/or neurobehavioral performance

(Turek, Menaker and Tosini projects)

Objective 1B: Determine mechanisms
• Complete projects that investigate the effect of circadian misalignment on

sleep, neurobehavioral performance and neuroendocrine function in humans

(Dinges project)
• Complete projects that fit stochastic and deterministic models to low-

amplitude human temperature data to select lower- vs. higher-order models of
human circadian amplitude recover?' (Jewett project)

• Complete projects that determine the performance levels of desynchronized
animals how desynchronized organisms respond to infections (Tosini project)

• Complete projects that validate refined circadian amplitude recover3' dynamics

of human light model (Jewett project)

• Complete projects that investigate the relationship between the degree of
circadian disruption and the resulting impairment to neurobehavioral

pertormance in mice (Turek project)

Obiective 1C: Develop countermeasures
• Complete projects that test commercially available head-mounted light

devices for circadian efficacy (Jewett. Brainard, Czeisler projects)

• Complete projects that test if bright light pulses facilitate entrainment to

Martian day (Fuller project)
• Complete projects that determine the efficacy of intermittent bright light

pulses on circadian entrainment to non-24-hour work-rest schedules, as

required on Mars (Czeisler project)
• Complete projects that determine the efficacy of intermittent bright light

pulses of different intensities and/or wavelengths on circadian entrainment to
non-24-hour work-rest schedules (Czeisler project)

• Complete projects that test pharmacological countermeasures (melatonin) to
reduce the risk of internal desynchronization (Tosini project)

• Complete projects that apply knowledge gained with animal model to humans

using measures of cognitive performance and physiological well-being to
assess effectiveness (Menaker project)

• Complete projects that incorporate refined light model into circadian

component of neurobehavioral performance model and predict
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neurobehavioralperformancein humanphaseshifting experiments(Jewett
project)
Complete projects that test neurobehavioralmodel predictions against
circadian and performancedata collected under field conditions (Jewett
project)
Completeprojectsthat test if the administrationof exogenousmelatoninat
either physiologicalor pharmacologicallevelsat the beginningof theperiod
of imposedwakefulnessattenuatestheimpactof chroniccircadiandisruption
onperformanceandrecoverysleepin mice(Turekproject)
Completeprojectsthattest if accessto a wheelduring restperiods(exercise)
reducesthe impact of chronic circadian disruption on performanceand
recoverysleepin mice(Turekproject)
Completeprojectsthat determinewhatdurationof exerciseoptimally reduces
the impactof chroniccircadiandisruptionon performanceandrecoverysleep
in mice(Turekproject)
Complete projects that test pharmacological wake-promoting counter-
measures(caffeine, modafinil) to reduce the risk of neurobehavioral
performancefailuredueto circadiandisruption(Czeislerallied projects)
Initiateprojectthatintegratesintobiomathematicalmodelthe impactof wake-
and sleep-promoting therapeutics (pharmacological or behavioral) on
neurobehavioralperformancein thepresenceof circadianmisalignment
Initiateprojectsthat groundtesttheefficacyof pharmacological(e.g.,caffeine,
modafinil) or behavioral(e.g.,exercise)wake-promotingcountermeasuresto
mitigatetheadverseeffectsof chroniccircadiandisruptionin humans
Initiate projects that ground test the efficacy of pharmacological(e.g.,
melatonin),nutritional,environmental(e.g.,light or darkpulses)or behavioral
(e.g., exercise)circadian countermeasuresdesignedto maintain internal
synchronyof circadianoscillatorsin diverseorgansystemsin humans
Initiate project to conduct in-flight clinical trial of pharmacologicalsleep-
promoting countermeasuresto mitigate the adverseeffects of circadian
disruptionandmicrogravityon sleep
Initiate project to conduct in-flight clinical trial of pharmacologicalwake-
promoting countermeasuresto mitigate the adverse effects of chronic
circadiandisruption
Initiateproject to conductprojectsthat implementa biomathematicalmodel-
basedsystemin which countermeasuresaredeployedonly when neededto
reducetheriskof humanneurobehavioralor physiologicalperformancefailure
dueto circadianmisalignment

Goal 2: Reduce the risk of human neurobehavioral or physiological performance

Jailure due to acute or chronic degradation O[sleep qualiO _and quantiO,.

Obiective 2A: Assess risk and target level of acceptable risk
• Complete projects to characterize and quantify neurobehavioral performance

decrements associated with sleep restriction and disruption (Czeisler. Dinges.

Jewett projects)
• Complete projects that quantil_' the impact of chronic sleep

restriction/disruption on recoveD _ sleep and circadian adjustment (Turek.

Dinges projects)

Obiective 2B: Determine mechanisms
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• Complete projects that determine the nature of neurobehavioraland
physiological changes induced by chronic sleep restriction at different
circadianphases(Dingesproject)

• Complete projects that test the impact of split sleep-wakescheduleson
chronicsleepdeficitsatdifferentcircadianphases(Dingesproject)

• Completeprojectsthatinvestigatetherelationshipbetweenthedegreeof sleep
disruption and the resulting impairmentto neurobehavioralperformancein
mice (Turekproject)

Objective 2C: Develop countermeasures
• Complete projects that develop and test candidate sleep-wake schedules to

minimize chronic neurobehavioral and physiological deficits at all circadian

phases (Dinges Project)
• Complete projects that test optimal sleep-wake schedules to minimize chronic

neurobehavioral and physiological deficits at all circadian phases (Dinges

project)
• Complete projects that test neurobehavioral model predictions against

circadian and performance data collected under field conditions (Jewett

project)
• Complete projects that test if the administration of exogenous melatonin at

either physiological or pharmacological levels at the beginning of the period

of imposed wakefulness attenuates the impact of chronic sleep restriction/

disruption on performance and recover sleep in mice (Turek project)
• Complete project that tests if access to a wheel during rest periods (exercise)

reduces the impact of chronic sleep restriction/disruption on performance and

recovery sleep in mice (Turek project)

• Complete project that determines what duration of exercise optimally reduces
the impact of chronic sleep restriction/disruption on performance and recover'

sleep in mice (Turek project)
• Complete projects that test pharmacological wake-promoting counter-

measures (caffeine, modafinil) to reduce the risk of neurobehaviorai

performance failure due to sleep loss (Czeisler allied projects)

• Complete projects that ground test the efficacy of pharmacological sleep-

promoting countermeasures to mitigate the adverse effects of microgravity on

sleep in humans
• Initiate projects that integrate into biomathematical models the impact of

wake- and sleep-promoting therapeutics (pharmacological or behavioral) on

neurobehavioral performance in the presence of sleep restriction/disruption

• lnitiate project to ground test the efficacy of pharmacological (e.g., caffeine,

modafinil) or behavioral (e.g., exercise) wake-promoting countermeasures to

mitigate the adverse effects of chronic sleep restriction in humans

• Initiate project to conduct in-flight clinical trial of pharmacological sleep-

promoting countermeasures to mitigate the adverse effects of microgravity on

sleep
• Initiate project to conduct in-flight clinical trial of pharmacological wake-

promoting countermeasures to mitigate the adverse effects of chronic sleep
restriction

• Initiate project that implements a biomathematical model-based system in
which countermeasures are deployed only when needed to reduce the risk of

human neurobehaviora[ or physiological performance failure due to sleep loss
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Goal 3: Reduce the risk of human neurobehavioral or physiological performance failure

due to habitat design, equipment design or workload distribution

Objective 3A: Assess risk and target level of acceptable risk
• Complete projects that describe disrupting effects of shifting schedules of

light, food availability and exercise on phase relationships among circadian
oscillators in brain and peripheral organs (Menaker project)

• Complete projects that characterize the effect of long-term exposure to
constant conditions on the circadian system (Tosini project)

• Characterize and quantify the presumptive vestibular-circadian system

anatomical connection (Morin project)

• Complete projects that determine how desynchronized organisms respond to

infections (Yosini project)

• Initiate project to develop lighting monitoring system for inside of space
shuttle and ISS

• Initiate projects that identify the effect of an altered circadian environment on

the well being of the organisms

Objective 3B: Determine mechanisms

• Complete projects that develop human melatonin fluence-response curves
below 440 nm and above 600 nm (Brainard project)

• Complete projects that quantify role of pupil dilation in circadian photic
transduction in humans and that develop melatonin action spectrum in humans

with freely reactive pupils (Brainard project)

• Complete projects that determine how desynchronized organisms respond to

infections(Tosini project)
• Complete projects that describe disrupting effects of constant light on phase

relationships among circadian oscillators in brain and peripheral organs

(Menaker project)

• Complete projects that describe disrupting effects of shifting schedules of

light, lbod availability and exercise on phase relationships among circadian
oscillators in brain and peripheral organs (Menaker project)

• Complete projects that test entrainment to Martian day-length and both

ambient and habitat lighting (Czeisler project)

• Complete projects that identify promising pharmacological countermeasures
to reduce the risk of desynchronization (Menaker. Tosini. Turek projects)

• Complete project that determines effect of altered gravity on circadian period

in primates (Fuller project)
• Complete projects that test human melatonin response to simulated ISS. EVA

and lunar light environments (Brainard and Czeisler projects)

• Complete projects that determine functional activation of the vestibular and

circadian systems by an optokinectic nystagmus stimulus (Morin project)

Objective 3C: Develop countermeasures
• Complete projects that determine the functional activation of the vestibular

and circadian systems by a non-locomotor, non-photic, vestibular activating

stimulus (Morin project)
• Complete projects that test human circadian phase-shifting with selected

monochromatic wavelengths (Brainard project)

• Complete projects that ameliorate disruptive effects of constant light and

shifting schedules using pulses of bright light, darkness, melatonin and

applying regularized feeding and work schedules (Menaker project)
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• Initiate projects that develop and ground test light sources that optimally

stimulate human circadian responses and light sources that specifically do not

stimulate human circadian responses

• Initiate projects that develop and ground test window and visor prototypes for

optimal human circadian stimulation and prototypes that minimize human

circadian responses

• Initiate projects that integrate current ISS and shuttle lighting with new light

sources and window systems

Non Risk-Based Goals

Goal 4: Develop new methods for monitoring the status of sleep, sleep homeostasis,
circadian rhythmicity and neurobehavioral performance during space.[light.

• Complete projects that assess the potential of using the Actiwatch-L (a wrist-

worn light and actigraphy recording device already approved for space flight)

to monitor sleep and light exposure of individual crew members while in -

space
• Complete projects that compare the wrist-level Actiwatch-L light recordings

with eye-level light measurements

• Complete projects that use of the Actiwatch-L measurements as inputs to a
mathematical model that can then predict the level of sleep homeostasis, phase

of circadian rhythmicity and relative neurobehavioral perlbrmance levels

• Initiate projects that develop non-invasive electroencephalographic,

electrooculographic and/or electromyographic monitoring techniques for

recording the timing of the sleep-wake cycle during space flight

• Initiate projects that develop and evaluate new methods for monitoring sleep-
wake fitness for duty during space flight

• Initiate projects that develop and evaluate new methods to monitor

neurobehavioral performance during space flight without interfering with the

operational demands of space flight
• Initiate projects that develop and evaluate new non-invasive methods for

assessing circadian phase during space flight
• Initiate projects that develop and evaluate nex_ non-invasive methods for

assessing homeostatic sleep need during space flight

Goal 5: Develop new methods ./or monitoring ambient and retinal light exposure

(illuminance/photopic lux, broadband visible irradiance, and circadian e{/ective
illuminance/circadian lux) on board .space shuttle and ISS during space flight

and on planetary habitats.
Complete projects that analyze the data from the wall-mounted ambient light

recording devices "that have been tested aboard the Space Shuttle in the

Neurolab flight
Complete projects that determine the circadian effective illuminance and
irradiance levels

Initiate projects that refine these recording devices to measure circadian-

activating light levels more precisely on board space shuttle and ISS during

space flight and on planetar}' habitats
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Goal 6: Develop Earth-based applications of technologies for non-invasively monitoring

the status of sleep, sleep homeostasis, circadian rhythmicity and neuro-

behavioral performance for industrial and medical use.

• Complete projects that develop neurobehavioral test for the validation of
mathematical models in field and laboratory studies as well.

• Initiate projects that improve the polysomnography device that was developed
for the recording of sleep in space in the Neurolab Shuttle flight

• Initiate projects that refine and develop current and new markers of circadian

phase to be applied on Earth
• Initiate projects that develop non-invasive electroencephalographic,

electrooculographic and/or electromyographic monitoring techniques for

recording the timing of the sleep-wake cycle for industrial and medical use

• Initiate projects that develop and evaluate new methods for monitoring sleep-

wake fitness for duty for industrial and medical use

• Initiate projects that develop and evaluate new methods to monitor

neurobehavioral performance for industrial and medical use

• Initiate projects that develop and evaluate new non-invasive methods for

assessing homeostatic sleep need for industrial and medical use

Goal 7: Develop Earth-based applications o[ high-lideli O' mathematical models o[

perJbrmance based on circadian organization and sleep-wake histoo; for
industrial and medical use.

• Complete projects that refine mathematical models to predict neurobehavioral

performance in space
• Complete projects that refine mathematical models to determine appropriate

shift scheduling, light exposure, sleep timing, and countermeasure

applications for shift workers, pilots, military and medical personnel, and

transportation workers
• Complete projects that develop a user-friendly simulation software that can be

used by' anyone to predict neurobehavioral performance given light exposure

levels and sleep/wake histo_'

• Initiate projects that incorporate high-fidelity mathematical models of

performance based on circadian organization and sleep-wake histou' into

personal monitoring and display devices for industrial and medical use.

Goal 8: Develop Earth-based applications of technologies developed to reduce the risk

of human neurobehavioral or physiological pepT[brmance ./allure due to

disruption of circadian phase amplitude, period or entrainment.

• Complete projects to improve our understanding of the effects of light on the
human circadian system, and the role that the circadian system plays in

neurobehavioral performance.

• Complete projects that incorporate our findings into mathematical models to
determine the best light schedule and intensities to reduce the risk of

performance failure by appropriately aligning the circadian system with the
work/rest schedule

• Initiate projects that produce technologies for medical and industrial use

designed to reduce the risk of human neurobehavioral or physiological

performance failure due to disruption of circadian phase anaplitude, period or
entrainment
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Goal 9: Develop Earth-based applications of technologies developed to reduce the risk

of human neurobehavioral or physiological performance failure due to acute a

chronic degradation of sleep quality or quantity.

Complete projects to determine the amount and timing of sleep that best
allows people to work extended and/or misaligned shifts with the least risk of

performance failure
Complete projects that incorporate our findings into the mathematical model

to help schedule rest/nap/sleep times so that they are the most effective in

improving performance levels
Initiate projects that produce technologies for medical and industrial use

designed to reduce the risk of human neurobehavioral or physiological

performance failure due to acute chronic degradation of sleep quality or

quantity.

Goal 10: Develop Earth-based applications of technologies developed to reduce the risk

of.neurobehavioral or physiological perJormance failure due to extended
duration work schedules (e.g., on-call schedules used in medical training,

nuclear power plant shutdowns, milita O' operations) or night sh!fi work.

• Complete projects that investigate the effects of extended duration work
schedules to determine the best timing of countermeasures (light exposure,

naps, melatonin, etc.) to improve performance
• Initiate projects that produce technologies for medical and industrial use

designed to reduce the risk of neurobehaviora] or physiological performance
failure due to extended duration work schedules (e.g., on-call schedules used

in medical training, nuclear power plant shutdowns, military, operations) or

night shift work

Goal 11 : Integrate research and analysis

Obiective 11A: Integrate research within the Human Performance Factor, Sleep and

Chronobiology Team
• Continue current integration efforts among team Pls, and co-investigators.

Objective 1 I B: Integrate research with other teams
• Continue to build collaborativc links between the Team projects and projects

on other teams, especially other teams with a focus on Sleep and Circadian

Physiology
• Coordinate with Neurobehavioral and Psychosocial Factors Team regarding

the effects of sleep loss and circadian displacement, and countermeasures for

these factors on cognition, mood and social interaction.
• Coordinate with the Neurovestibular Adaptation Team regarding the effects of

space motion sickness and countermeasures for it on circadian entrainment
• Coordinate with the Nutrition and Rehabilitation Team regarding the potential

for effects of chronic partial sleep loss on carbohydrate metabolism
• Coordinate with the Smart Medical Systems Team regarding the potential tbr

neuroimaging to enhance objective detection of neurobehavioral dysfunction

due to sleep loss during space flight.

Objective 1 IC: Integrate research being done by Team investigators with their other.

related research projects that are not directly supported by NSBR1.
• Most of the investigators on the l tuman Performance Factor. Sleep and

Chronobiology Team are conducting other research projects related to human

performance factors, sleep and chronobiology that are supported by other
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federal and non-Federalagencies(Air Force,Departmentof Defense.NIH,
NSF,NASA, etc.). We planto integratetheresultsof thatallied researchwith
the results of their NSBR! projects to facilitate the developmentof
countermeasuresfor explorationclassmissions.

5.6 SUMMARY

The success of human space flight depends on astronauts remaining alert while operating

highly complex, state-of-the-art equipment. A crucial factor of mission success is that

crewmembers do not get enough sleep. The loss of 24-hour day/light cycle,

weightlessness, a confined environment and work demands make sleep difficult in space.

Astronauts sleep only six hours each night, on average. Exploration crews will have to

switch their "body clock" from the Earth day to the day/night cycle of another planet.

These factors may lead to cumulative sleep loss, increased risk of accidents and possible
mission failure. The Human Performance Factors, Sleep and Chronobiology Team is

focused on developing countermeasures to reduce human mistakes and optimize

neurobehavioral and physiological performance during exploration class space missions.
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Table 5.1. Project Research Activities

Pl/Project

BRAINARD'Optimizing Light

Spectrum for l,ong Duration
Space Flight

CZEISLER/Circadian

Emraming. Sleep-Wake
Reeulation & Perfornlance

Durin_ Space Flight

DI NG ES/Counternleasures to

I Neurobeha_,ioral Deficits ['tom

I Parlial Sleep l.oss

Risk(s)
Addressed

Goals I, 3

Goals I, 2

Phase 1 Activities: Phase 2 Activities: Phase 3 Activities:

Goals 1, 2, 3

Countermeasure

Target
Experimental

System

Healthy rnale and
female human

subjects

ttealthy male and
female human

subjects scheduled
to non-24-hour

day lengths in an
environment
shielded from

periodic, 24-h time
cues

Focused
Mechanistic

Research

Develop melatonin
fluence-response curves
below 440 nm and above

600 nm in human subjects

& develop action
spectrum between 400
and 700 nm in subjects
with dil./undilated pupils

Optimum light
spectral distribution

Intermittent bright
light pulses

tlealthy male and
female Imman

subjects

Quantification of intrinsic
period and the limits of
entrainment of the human

circadian pacemaker &
investing, of the effect of
circadian misalignment on
sleep, neurobehavioral

performance and
neuroendocrine function

Track neurobehavioral

performance deficits
associated with chronic

sleep restriction &
examine sleep efficiency
and architecture

(restricted sleep periods
at diff. circadian phases)

Naps and split sleep
schedules

Preliminary
Countermeasure

Development
Research

Optimum light spectral
character, for

maintaining or adjusting
circadian phase &
sleep-wake cycle.
Preliminary test of
monochromatic stimuli

for phase shifting
human circadian

rhythms
Preliminary evaluation
of the efficacy of

intermittent bright light
pulses on circadian
entrainment to non-24-
hour work-rest

schedules, as required
on Mars

Develop response
surface map paradigms
to further understand
the interaction between

sleep duration, sleep-
wake placement and
neurobehavioral

functioning

Mature
Countermeasure

Development
Research

Assist in designing a
novel light panel for
circadian stimulation.

Assist in developing
protocols for
comparing head
mounted light thera D
devices

Full-scale clinical tria]

of age and gender
matched astronaut

surrogates living for
extended durations on
a non-24-hour work

schedule while exposed
to intermittent bright

light at the most

effective wav.e _
Development of
optimal sleep-wake
schedules (including
main and

supplementary sleep
episodes) to ensure
maintenance of high
level neurobehavioral

functioning

Note:

Goal I: Reduce lhe risk of human neurobeha_ ioral or ph_ siological performance failure due to disruption of circadian phase, amplitude, period, or entranment during space exploration.

Goal 2: P,cduce lhc risk of human ncurobcha_ ioral or physiological pcrlormancc failure dtlc to actllc or chronic degradation of sleep qnality or quantity during space exploration.Goal 3: Reduce the risk

of human ncurobcha_ ioral or ph5 siological performance failure due to habitat design, equipment design or _sorkload distribution during space exploration.



FULLER'Primate
Circadian Rh_thlns in the
Martian Environment

JEWETT/Mathematical

Model for Scheduled Light
Exposure:
Circadian ;Performance
Countermeasure

MENAKER,' A Model of

Circadian Disruption in the
Space Environment

MORIN Circadian and

Vestibular Relationships

TOSIN I,'Long-teml
Exposure to Dim l+ight
Desynchronizes tile
Circadian Ssstem of Rats

TUREK'Animal M¢x]el lbr

Sleep Loss and Circadian

Disruption

Goals I, 2

Goals 1,2

Goals I 3

Goals 1,2

Goals 1,2

Goals I, 2

Bright light pulses

Design of rest/work
and sleep'wake
schedules

Coupling between
multiple circadian
oscillators

A natom ical &
functional issues

linking the vestibular
& circadian systems

Coupling between
central and peripheral
oscillators

Exogenous melatonin
administration and

exercise

Rhesus naonkeys as
roman surrogates.
Long-duration studies
m large-diameter
Centrifuge with
controlled lighting
3eriod. intensity and

spectra.

Previously collected
human data;

Transgenlc rat
incorporating a
circadian luciferase

reporter ,_ene
Anatomical tract trac,

t,sing rctro and

antcrograde transport
labels
Study of brain

regions for stimuli
responses knox_,n to

alter vestibular
functions
l'hase shifts in
circadian rhythms

Measuring

expression ofgene
in peripheral tissues

Mice

Determine the effect of

altered gravity on
primate circadian
rhythms, principally th_
endogenous clock perk

Determine the nature

of amplitude recovery
d2>namics of human
circadian system.

Description of system
disintegration under
simulated space flight
conditions

Understanding the
basic anatomical &

functional pathways

linking vestibular &
circadian systems

Identification of the

effects on the

circadian system of
prolonged exposure
to constant conditions

N / A

Enhance entrainment Projected application of

response to low light (ISS,
Vlartian habitat), reddish

light (Mars), and non-24
hour schedules by means
of exposure to light pulses
Studies will address

timing and efficacy of
bright

light exposure.
Design shift and sleep

schedules for proper
circadian alignment.
Validate refined

circadian amplitude
dynamics of light model.

Repair system
disintegration with timed
application of light, food
and melatonin
N/A

Use of melatonin as

synchronizing agent

Testing of the
effectiveness of
countermeasures

(melatonin, exercise)

usin_ a mouse model

bright light pulses to
prevent loss of
circadian entrainment,

sleep and rhythm
disturbances,

performance
decrements.

Incorporate refined

light model into
circadian components
of neurobehavioral

performance model and

predict the performance
in human phase

shifting.
Transfer working
countermeasures to
humans

N/A

N/A

Note: Goal I: Reduce the risk of human neurobehavioral or ph',siological perlormance failure due to disruption of circadian phase, amplitude, period, or entrainment during space exploration.
Goal 2: Reduce the risk of human t_eurobehavioral or ph_siological pcrlimnancc lhilnre title to acute or chronic degr',.dation of sleep quality or quantity during space exploration. Goal 3: Reduce the _i-,k

human neurobehavioral or physiological perfommnce failure due to habital design, eqt, ipment design or workload distribution during space exploration.
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Table 5.2. Integration Activities

I II II I m|

Internal
Communication

Integrated

Experiment

Development

Brainard

Monthb team
telecon. NSBRI

January Retreat,
inlbnnal

discussions.
Discussions with

JSC staff: night
lighting & and
window design
Dr. Fuller and
Peter Smith:

lighting
specifications for
simulated
Mallian

Czeisler

Telecon and
informal
discussions
with other
team members

Dr. Dinges:
standardize
neurobehavioral
assessment.
Dr.Fuller:
coordination of

Dinges
Czeisler et al,
Jewett el al,

Kossly'n et al,
Lieberman et
al

Neurobehavior

al performance
assessment
Neurobehavior

al perlormance
assessmerit

Fuller

Telecon and
informal
discussions
with other
team n_embers

Dr. Brainard:

develop a
specification tbr
simulated
Martian ambiem

lighting, test

Jewett

Telecon and
informal
discussions
with other
team members
Czeisler et al,

Dinges et al,
Brainard et. al

N/A

Menaker

Telecon and
intbrmal
discussions
with other
team
members

Morin

Telecon and
informal
discussions
with other
team members

Turek

Telecon and
informal
discussions
with other
team members

environment for

current primate
studies and future
animal and
human _ludie,;.
I)r. Jex_ett:

de_eloping
protocols for
comparing head
nlounted light

therapy devices

primate-human
models.
Dr. Jewett: use of
biomathematical

model predictions
re. intennittent

bright light cm.
Dr. Brainard:

spectral sensitivit',
of circadian phase
resetting..

apparatus, and
document

spectrum.
Potential

integrated
_xpcriment
facility, with
animal
centrifu,,es and
both rodent and

primate habitats

Sample Sharing

Synergistic Studies

of Opportunity

Accessed head

mounted light
stimulation
s_ stems from

BioBrite Inc. and
Leon Lack, MD,
for Dr. Jewett's

efficacy tests

Preliminary test
of
monochromatic

Neurobehavioral
and entrainment
data with Jevcett
et al

The results of our

growth hormone
measures will be
shared with the

Net, robehavior
al data:' Jewett
el al

Neurobehavior

al pertbrmance
testing during
chronic sleep

N/A

We are

currently
exploring
interest in both

• , Czeisler et al,

Dinges et al

N/A

N/A

N/A

N/A

N/A

N/A N/A

N/A

N/A

N/A

Tosini

Telecon and
informal
discussions
with other
team
members

N/A

N/A

N/A



Development of
Computer Model of

Integrated Human
Function

stimuli lor phase
shifting hmuan
circadian
rh_ thms with
Drs. Czeisler and

l.ockley

N_A

Muscle and Bone

Teams, given the
potential impact
of tile

hypothesized
chronic
reduction in

sleep-related

growth hormone
secretion on
rnaintenance of

muscle and bone
flmction

Contributing
neurobehavioral
and entrainment
data for
biomathematical
model

development
(Je_ett el al/

Sleep and
Chronobiology)
with ultimate

restriction and

circadian

displacement

the rhesus
model and

hypergravity

Development
and validation
of refined
model the

effects of light
on human
circadian

system.
Refinement
and validation
of

N/A N/A N/A N/A

goal of
integrating
performance
model into model

of Integrated
Human Function

(stressful
condition)'
Dinges et al
(Neurobehavio
ral and

Psychosocial)
Circadian

adjustment
during chronic
sleep
restriction/
Czeisler et al

(Sleep and
Chronobiology
)

mathematical
model of
human
Neurobehavior

al
Perlbrmance

Contributing
neurobehavior
al data for
biomathematic
al model

development
(Je_sett et aF
Sleep and
Chronobiolog)
) with ultimate
goal of
integrating
pertormance
model into
model of

Integrated
I luman

Function

Our findings
should help
define

parameters of
circadian

response to
gravity in
combination
with altered

lighting
environments.
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Table 5.3a.

circadian phase, amplitude, period, or entrainment during space.

Achieving Goal 1 : Reduce the risk of human neurobehavioral or physiological performance failure due to disruption of

Phase 0: Observational & Phenomenological Research

i Pre 2002 ICountermeasure Development Phases ]2001 2001 2003 2004 2005 2006 2007 2008

• Quantify neurobehavioral performance decrements associated with circadian //

misalig1"unentand'or sleep restriction, disruption (Goals I and 2)

• Observation of a presumptive vestibular-circadian system anatomical connection
• Identil\' the effect of an altered circadian environment on the well beina of the

or,.zanisms (Goals I and 3)

• Characterize the effect of long-term exposure to constant conditions on the
circadian system (Goals I and ._)

• Quantif_ the impact of chronic ci_adian disruption and'or sleep l_

restriction 'disruption on recovery sleep, circadian adjustment and Iineurobehavioral performance in different strains of mice (x2) entrained to

different light levels (low, medium and hi.gh intensity) (Goal s I and 2)

Phase I: Focused Mechanistic Research

• Fit stochastic and deterministic models to low-amplitude human temperature data ....
to select lower- vs higher-order models of human circadian amplitude recovery

• Describe disruptin,.z, effects of constant light on phase relationships amon_

circadian oscillators in brain and peripheral or_,ans

• Investiuate the effect of circadian misali_nment on sleep, neurobeha_.ioral

performance and neuroendocrine function (Goals I and 2)

• Determine how desynchronized ort_anisms respond to infections (Goals 1 and 2)

• Determine the performance levels ofdes),nchronized animals (Goals I and 2)

• Develop human melatonin fluence-response curves below 440 nm and above 600
mn (Goals I and 3)

• Quantify role of pupil dilation in circadian photic transduction in humans

• Develop melatonin action spectrum in humans with freely reactive pupils

• Establish the anatomy of connectivity between the circadian rhythm system and
the vestibular system

2009 2010 2011 2012



CountermeasureDevelopmentPhases(cont'd)

Investigatethe relationship between tile degree of sleep and;or circadian
disruption and the resulting impairment to neurobehavbral performance in mice

(Goals I and 2)

• Describe disrupting effects of shifting schedules of light, food availability and

exercise on phase relationships amono circadian oscillators in brain and

p_eripheral or_,ans
• Deterrnine functional activation of the vestibular and circadian s,,stcms by an

optokinectic nvstammls stimulus

• ldentif) promising pharmacological countermeasures to reduce the risk of
desvnchronization

Phase 2: Preliminary Countermeasure Developmen! Research

• Test tile impact of split sleep-xvake schedules on chronic sleep deficits at different

circadian phases (Goals I and 2)
• Determine tile flmnctional activation of the vestibular and circadian systems b),a

non-locomotor, non-photic, vestibular activatin_ stimulus

• Efficacy of intermittent bright light pulses on circadian entrainment to nor_24-

hour _ork-rest schedules, as required on Mars (Goals a and 3)

Validate refined circadian amplitt, de recovery dx namics of light modelAmcliorate

disruptive ell_'cts of constant light and shifting schedules using pulses of bright

light, darkness, mclatonin and apply ing regularized feeding and _ork schedules

• Test if the administration of exogenot, s rnelatonin at either ph3 siological or

pharmacological levels at tile beginning of the period of imposed v,akefldness
attenuates tile impact of chronic circadian disruption andOr sleep

restriction.disruption on perforlnance and recomry sleep in mice (Goals I and 2)

• Test if access to a wheel during rest periods (exercise} reduces the impact of

chronic circadian disruption and/or sleep restriction/disruplion on performance
and recoveD sleep in mice (Goals I and 2)

• Determine what duration of exercise optimally reduces tile impact of chronic

circadian disruption and/or sleep restriction/disruption on performance and

recover_ _sleep in mice (Goals I and 2)

• l'est pharmacological counternleasures (melatonin) to reduce the risk ofinternal

de_nchronization (Goals I and 2)

• Test human circadian phase-shifting with selected monochromatic wavelengths

Pre
2001

2001 2002 [2003 '2004 2005 2006 2007 2008

m
II

lU

, 1

2009 2010 2011 2012
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Countermeasure Development Phases (cont'd)

I

Pre 2001,200212003i2004 2005 2006 2007 2008 2009 2010 2011
2001 i i

20

Phase 3: Mature Countermeasure Development Research

Incorporate retined light model into circadian component of neurobeha_ioral

performance model and predict neurobehavioral performance ill human phase shifting

e:_erinlents

• Efficacy of interrnittent bright light pulses of different intensities and/or wavelengths on
circadian entrainment to non-24-hour work-rest schedules (Goals 1 and 3)

• Develop and test candidate sleep-wake schedules to minimize chronic neurobehavioral

and _cal deficits at all circadian phases (Goals 1, 2 and 3)

• Apply knowledge gained with animal model to humans using measures of cognitive

__performanc_ical well-beil_ to assess effectiveness

• Ground test efficacy of pharmacological sleep-promoting countermeasures to mitigate the
adverse effects of circadian disruption and microgravity on sleep in humans (Goals I and

2)
• Ground test efficacy of pharmacological (e.g., caffeine, _mdafinil) or behavioral (e.g.,

exercise) wake-promoting cotmtermeasures to mitigate the adverse effects of chronic

sleep restriction and circadian disruption in humans (Goals I and 2)

• Ground test efficacy of pharmacological (e.g., melatonin), nutritional,environmental

(e.g., light or dark pulses) or behavioral (e.g., exercise) circadian cot, ntermeasures

designed to maintain internal s)nchrony of circadian oscillators in diverse organ systems
in humans

Phase 4: Countermeasure Evaluation & Validation

• Test neurobehavioral model predictions against circadian and performance data collected
under field conditions

• Test optimal sleep-wake schedules'to minimize chronic neurobehavioral and

physiological deficits at all circadian phases (Goals I and 2)

• Conduct in-flight clinical trial of pharmacological sleep-promoting countermeasures to

mitigate the adverse effects of circadian disruption and microgravity on sleep (Goals I
and 2)

• Conduct in-flight clinical trial of pharmacological wake-promoting countermeasures to

mitigate the adverse effects of chronic sleep restriction and circadian disruption (Goals
and 2)

Phase 5: Operational Implementation of Countermeasure Strategy

• hnplement a biomathematical model-based system in which cot, ntermeasures are

deplo._ed only when needed to reduce the risk of human neurobehavioral or physiological

perfimnance failure due to circadian misalignment or sleep los; (Goals 1,2 and 3)

I
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Table 3b. Achieving Goal 2: Reduce the risk of human neurobehavioral or physiological performance failure due to acute or chronic

degradation of sleep qualiO' or quantity during space exploration.

Countermeasure Development Phases

IPhase 0: Obser_'ational & Phenomenological Research

Pre
2001

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Quantify neurobehavioral performance decrements associated with circadian

misalignment and/or sleep restriction/disruption (Goals I and 2)
Determine the nature of neu,'obehavioral and physiological clmlges induced by chronic

sleep restriction at different circadian phases

Quantify the impact of chronic circadian disruption and/or sleep restriction/disruption
on recovery sleep, circadian adjustrnent and neurobehavioral performance in diffe_nt
strains of mice (x2) entrained to different light levels (low, medium and high intensity)

_Goals I and 2)

Phase I: Focused Mechanistic Research

• Investigate the effect ofcircadian misalignrnent on sleep, neurobe_vioral performance
and neuroendocrine function (Goals I and 2)

* Determine how des} nchronized organisms respond to infections (Goals I and 2)

• Determine the performance levels ofdesynchronized animals (Ooa!s 1 and 2)
• Investigate the relationship between the degree of sleep and/or circadian disruption and

the resulting impairment to neurobehavioral performance in mice (Goals I and 2)

Phase 2: Preliminao' Countermeasure Development Research

• Test the impact of split sleep-wake schedules on chronic sleep deficits at different

circadian phases (Goals I and 2)

• Test if the administration of exogenous melatonin at either physiological or

pharmacological levels at the beginning of the period of imposed wakefulness attenuates
the impact of chronic circadian disruption and/or sleep restriction/disruption on
performance and recovery sleep in mice (Goals I and 2)

• Test if access to a wheel during rest periods (exercise) reduces the impact of chronic
circadian disruption and/or sleep restriction/disruption on performance and recovery

sleep in mice (Goals I and 2)
• Determine what duration of exercise optimally reduces the impact of chronic circadian

disruption and/or sleep restriction;disruption on performance and recovery sleep in mice
(Goals I and 2)

i
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Countermeasure Development Phases (cont'd)

* Test pharmacological countermeasures (melatonin) to reduce the risk of internal

desynchronization (Goals I and 2)

• Test pllarmacological wake-promoting countermeasures (caffeine, modafinil) to reduce
the risk of neurobehavioral performance failure due to sleep loss

• Integrate into biomathematical model the impact of wake- and sleep-promoting
therapeutics (pharmacological or behavioral) on neurobehavioral performance in the

__presence of circadian rnisalienment and/or sleep restriction/disru lip_[___Goals I and 2)

Phase 3: Mature Countermeasure Development Research

• Develop and test candidate sleep-wake schedules to minimize chronic neurobehavioral
__ and hvsiolo_ical deficits at all circad_Goals 1, 2 and 3)

• Ground test efficacy of pharmacological sleep-promoting countermeasures to mitigate the
adverse effects of circadian disruption and microgravity on sleep in humans (Goals I and

2)
• Ground test efficacy of pharmacological (e.g., caffeine, modafinil) or behavioral (e.g.,

exercise) wake-promoting countermeasures to mitigate the adverse effects of chronic
sleep restriction and circadian disruption in humans (Goals I and 2)

Phase 4: Countermeasure Evaluation & Validation

• Test optimal sleep-wake schedules to minimize chronic neurobehavioral and
physiological deficits at all circadian phases (Goals I and 2)

Conduct in-flight clinical trial of pharmacological sleep-promoting countermeasures to
mitigate the adverse effects of circadian disruption and microgra,_ity m sleep (Goals I
and 2)
Conduct in-flight clinical trial of ptmrmacological wake-promoting countermeasures to
mitigate the adverse effects of chronic sleep restriction and circadian disruption (Goals I
and 2)

Phase 5: Operational Implementation of Countermeasure Strategy

• hnplement a biomathematical model-based system in which countermeasures are
deployed only when needed to reduce the risk of human neurobehavioral or physiological

performance failure due to circadian misali_,nment or sleep loss (Goals 1, 2 and 3)

• Implement a biomathematical model-based system in which countermeasures are
deployed only when needed to reduce the risk of human neurobehavioral or physiological
performance failure due to circadian rnisalignment or sleep loss (Goals I and 2)

Pre

2001
2001 2002

2003i200412005 2006_

I
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Table 3c.

equipment design or workload distribution during space exploration.

Achieving Goal 3: Reduce the risk of human neurobehavioral or physiological performance failure due to habitat design,

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

• Identify tile effect of an altered circadian environment on the well being of the organisms
(Goals I and 3)

• Characterize the effect of long-term exposure to constant conditions on the circadian system

(Goals I and 3)

Phase I: Focused Mechanistic Research

• Develop human melatonin fluence-response curves below 440 nm and above 600 nm (Goals
1 and 3)

• Determine effect of altered gravity on circadian period
• Test entrainment to Martian day-length and ambient lighting

* Test entrainment to Martian _th and habitat_

Phase 2: Preliminao' Countermeasure Development Research

• Test the impact of split sleep-wake schedules on chronic sleep deficits aT different circadian

phases

• Delermine the fimctional activation of the vestibular and circadian systems by a non

locomotor, non-nhotic, vestibt, lar activating stimulus

• Efficacy of intermittent bright light pulses on circadian entrainment 1o nol_24-hour work-rest
schedules, as reqt, ired on Mars )(Goals I and 3)

• Test commercially available head-mounted light devices for circadian efficacy

• Develop lighting monitoring system for inside of space shuttle and ISS

• Test human circadian phase-shifting with selected monochromatic wavelengths
• Test human mclatonin response to simulated ISS, EVA and lunar light environments

PreLLI2001 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 201 ! 2012

l/---
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Countermeasure Development Phases (cont'd)

Phase 3: Mature Countermeasure Development Research

• Efficacy of intermittent bright light pulses of different in_nsities and/or wavelengths
on circadian entrainment to non-24-hot, r work-rest schedules (Goals I and 3)

ere

2001
2001

20021200312004 2005[200612007 2008 2009120101201112012

• Develop and test candidate sleep-wake schedules to minimize chronic neurobehavioral

and _eficits at all circadianh_Goals I. 2 and 3)

• Develop light sources that optimally stimulate human circadian responses
• Develop light sources that specifically do not stimulate Imman circadian responses
• Develop window and visor prototypes for optimal human circadian stimuhtion
• Develop window and v_es that minimize human circadian responses

Phase 4: Countermeasure Evaluation & Validation

• Ground test lights that optimally stimulate human circadian responses
• Ground test lights that specifically; do not stimulate human circadian responses
• Ground test window and visor prototypes for optimal human circadian stimulation

• Ground test window and vis_s that minimize hunmn circadian response

Phase 5: Operational Implementation of Countermeasure Strategy

• Integrate current ISS and shuttle lighting with new light sources and window systems
(2010-2015)

• Ground test integration of ISS lighting with new light sources and window systems

(2012-2015)
• Fli+zht test integration of ISS li,ghting with new light sources+ window s) stems

• Implement a biomathematical model-based system in which countermeasures are
deployed only when needed to reduce the risk of human nevrobehavioral or
physiological performance failure due to circadian misalignment or sleep loss (Goals
2 and 3_

___--_m
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6.0 IMMUNOLOGY, INFECTION & HEMATOLOGY

Team Leader: William T. Shearer, M.D., Ph.D.
Professor of Pediatrics and Microbiology & Immunology

Baylor College of Medicine

6621 Fannin, MC 1-3291
Houston, TX 77030-2399

832-824-1274

832-825-7131 FAX

wshearer@,bcm.tmc.edu

6.1 INTRODUCTION

The environmental, inter- and intrapersonal conditions of space flight pose a potential threat to

an astronaut's immune system. These conditions include isolation, containment, weightlessness,

increased radiation exposure, and enhanced microbial contamination. In all human and animal

subjects flown in space, evidence of immune compromise, reactivation of latent virus infection,

and development of a pre-malignant or malignant condition exists. Moreover, in all ground-

based space flight model investigations, evidence of immune compromise and reactivation of
latent virus infection is also observed. Studies are in progress to determine whether malignancy,

too, will be observed in these experimental animals. All of these symptoms are similar to those
found in a wealth of human pathological conditions where the human immune system is

compromised, such as with stress, immunosuppressive drugs, infection, and radiation, and where
reactivated, chronic virus infections and cancer appear as a natural consequence. Two examples

where these clinical conditions are readily observed are Epstein-Barr virus (EBV)-driven

lymphomas in transplanted patients and Kaposi sarcoma in acquired immunodeficiency

syndrome (AIDS) patients. Given these known risks to the immune system, it is highly'

appropriate, indeed imperative, that NSBRI researchers carefully investigate the effects of space

flight conditions on human immunity, infection rate, and cancer rate.

6.2 RISKS

The following risks in the Immunology, Infection and Hematology Discipline Area have been
identified in the Critical Path Roadmap (risk number in parenthesesl:

• Immunodeficiency/Infections (22)

• Carcinogenesis Caused by Immune System Changes (23)
• Altered Hemodynamic and Cardiovascular Dynamics Caused by Altered Blood

Components (24)
• Altered Wound Healing (25)
• Altered Host-Microbial Interactions (26)

• Allergies and Hypersensitivity Reactions (27)

We have chosen to redefine the risks in a manner better suited to formulation of the present

team's research plans. All of these newly stated risks are contained within the original risks.

Risk 1: Radiation Damage to Stem Cell and Immune System

Risk 2: Microgravity and Stress Effects on Immune System and Resistance to Infection
Risk 3: Reactivated Latent Infections

Risk 4: Malignancy
Risk 5: Altered Microbes
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In all of the risks proposed for the Immunology, Infection, and Hematology Team, the principal

focus must be the underlying stem cell damage that produces the immunological deficits that

create the observed risks (e.g., infections on space flights occur because of underlying immune

damage).

6.3 GOALS

The Immunology, Infection and Hematology Team has the following goals for its program:

Risk-Based Goals

Goal 1 : Reduce risk of space./light conditions (isolation, containment, stress, microgravity, and

radiation) damaging the human bone marrow stem cell and differentiated immune cells.
Goal l covers Risks 1 and 2.

Goal 2: Reduce risk of astronauts developing new and reactivated in/ections, premature

immune cell death, and malignano'.
Goal 2 covers Risks 3 and 4.

Goal 3: Reduce risk o/ space flight-induced

organisms.
Goal 3 covers Risk 5.

development gf superstrains of microbial

Non-Risk-Based Goals

Goal 4: Develop Earth-based applications _/ space .flight studies to help diagnose and treat
humans with secondao, immunode/iciencies, reactivated viral inlections, and

malignancy.

Goal 5: Integrate research and analysis.

6.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Immunology, Infection. and Hematology Team will seek to reduce the risks defined in
Section 6.2 above. The first step in this direction is to firmly establish the molecular and cellular

consequences of exposure of the human stem cell and differentiated immune cells (peripheral
blood, tissue, mucosa) to the conditions of space flight. Knowing the precise damage to the

human immune system will greatly facilitate the development of a countermeasures program. A

recent example of the team's progress will illustrate this concept. For 25 years, it has been
known that humans in space and in the space-equivalent model of the Antarctic winter display

weak, delayed-type hypersensitivity skin reactions to recall antigens. This skin test is a ve_'

crude method of assessing immune system deficiencies. Our team has greatly advanced

knowledge of the precise molecular events taking place in the human immune system in response

to space flight equivalent conditions by determining recently that TH2 CD4 + T-cells reduce the

output of the proinflammator3.' cytokine interleukin-I 0 (11.-I 0) in humans in the Antarctic winter.

We plan also to define the early cellular changes in reactivated viral infections and the role of the

stress (hypothalamic-pituitau'-adrenal axis) system in creating secondau' immunodeficiency.
enhanced infection rates, and development of malignancy. In addition, we will strive to

understand the potential for the emergence of superstrains of bacteria, viruses, and fungi in
irradiated hosts. With this new information, we will be able to much better plan Ibr an effective

countermeasures program involving shielding (structural. chemical) for radiation, stress-
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reduction programs,nutritional, pharmacologicand immunologic prevention and treatment
programs(for example,geneor cell inhibitors, immunizationsand antibody,cytokine,or stem
cell therapy),andamicrobiocidalprogramfor prevention of opportunistic infection.

Following the award of the present three-year cycle of grant support that began in September

2000, the Immunology, Infection, and Hematology Team was reconstituted with six projects that

possessed a cohesive critical mass of investigators and projects (see Table 6.1). The principal

focus of five of the projects is the harm to the human immune system that might result from

immunosuppressive factors in long-term space flight. These factors include deep space radiation,

microgravity, physical and psychological stress, isolation and containment, microbial
contamination, altered microbial virulence, and sleep deprivation. All of these factors have

produced alterations in immune responses of humans and animals flown in space or their

counterparts using earth-bound space-equivalent models. There is collaboration of investigators

within a project and between projects. The leadership of the team (Drs. William Y. Shearer,
Janet S. Butel, and Gerald Sonnenfeld), for example, participate in certain aspects of many of the

projects (see Table 6.2). Projects 1-5 deal with uncovering the pathogenic mechanisms of risk
factors, whereas Project 6 concerns the detection system for pathologic microbes, currently

bacteria, but in the future viruses and fungi that would cause immunosuppression.

6.4.1 In terms of an overall team selection of priorities for a cohesive research program for the

risk-based goals, we have decided to focus on two types of immunosuppresive factors--

radiation and microgravity, using: 1) radiation studies and 2) anti-orthostatic model studies,

respectively. All of the six projects will support these two team studies.

6.4.1.1. In the first of these team projects, the co-investigators will include Drs. Shearer, Butel,

Liflg, Conner, Reuben, and Rosenblatt, members of the NSBRI Immunology, Infection and

Hematology Team from Baylor and Dr. Daila Gridley from Loma Linda University (LLU).
Selected strains of mice (e.g., BALB/c, C57 black) will be exposed to proton and gamma ray

radiation and subsequently to murine viruses (e.g., gamma 68, polyomavirus), in an attempt to
determine the combined effects of space radiation and latent virus infection on the immune

function of stud)' animals. This first approach will examine the simultaneous effects of radiation
and infection and will then be followed by a sequential approach of infection first and radiation

second, the likely scenario for human space travelers to Mars. The dose of radiation that will be
utilized initially (3Gy, the estimate of radiation received by astronauts on a Mars Mission) will be

that used by Dr. Gridley and her colleagues who have demonstrated rapid and profound
alterations in immune cells and immune responses in murine subjects. Replicate and controlled

experiments will be performed by both the LLU site and the Baylor site to insure that the same
methods are followed at both sites and that the results of the experiments at Baylor confirm those

of LLU. If gamma radiation proves to be equivalent to proton radiation in terms of effects upon

the immune system (e.g., spleen cell T-cell response to non-specific stimuli and specific antigen

stimulation: plasma antibody formation to neoantigen; spleen lymphocyte subset distribution), it

may be possible to avoid transfer of mice between institutions, as Baylor has a source of gamma
radiation.

In addition to examination of the effects of radiation and latent virus infection on immune cells

and immune responses, study animals wilt be evaluated for the development of tumors and blood

malignancies. This will be carried out with the assistance of Dr. Cory Brayton, a veterinary

pathologist at Baylor, who has agreed to collaborate on this project.

Also, Dr. Alan Gewirtz at the University of Pennsylvania has begun collaborative NSBRI studies
with Dr. Elizabeth Sutherland at the Brookhaven National Laboratory' (BNL) with bone marrow-
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derived human stem cell lines. These cell lines were exposed to heavy metal ion (Fe 56) radiation

and subsequently tested by standard hematologic assays for ability to form colonies of cells in the

myeloid series: granulocytes, erythroid cells, and platelets. In the future_ similar experiments will

be performed at LLU, where the effects of proton and gamma radiation will be evaluated in these

same assays. Because the preparation of human stem cells from donor bone marrow also yields

precursor cells in the lymphoid system, it will be possible to simultaneously evaluate the effects

of the various types of radiation on the development of T- and B-cells. Similarly, macrophages,

monocytes, and stromal cells could be evaluated. The methods of analysis of these various types
of immune cells could include measurement of cell growth factors (e.g., IL-3, IL-6, IL-7, TGF-

[3), apoptosis gene regulation (e.g., gene array assay), and cell repair pathways. These studies
would include the collaboration of Drs. Gewirtz, Reuben, Rosenblatt, and Gridley.

Also, peripheral blood human stem cells will be harvested by pheresis in subjects given
granulocyte-monocyte colony-stimulating factor (GMCSF) to increase the number of circulating
stem cells at the M.D. Anderson Cancer Center. Dr. James Reuben will utilize these cell

harvests in similar radiation studies and evaluate dendritic cell (#1 and #2 types) function in the

presentation of antigens to lymphocytes.

In both bone marrow and peripheral blood stem cell preparations, evidence of genetic damage

will be investigated by examination of progenitor cells for chromosomal breaks. These

measurements will yield important information on the possibility that radiation of human stem

cells might result in teukemogenesis and tumorigenesis.

Future collaborative studies have been proposed for the Radiation Team, in which the use of

surrogate markers could be used to assess the risks of tumor development in irradiated animals.

Surrogate markers would greatly reduce the time needed to evaluate tumorigenesis and to
observe exposed animals for cancer development. For the current Fe s6 irradiated rat breast tumor

model, one such surrogate marker might be the appearance of epithelial cells in the peripheral

blood that herald the development of breast cancer. In addition to the detection of epithelial

cells, it might be possible to examine the gene imprints of these cells by gene array assays. Such

studies might yield a characteristic dysregulation of normal gene activation that would be

predictive of breast cancer in this animal model.

This first team project addresses Goals 1 and 2 (space flight conditions damaging immune cells
and development of new or reactivated infections, premature immune cell death and malignancy,

respectively), but with the assistance of Project 6 we will also be addressing Goal 3, the detection

of genetically altered (possibly supervirulent) strains of environment or host microorganisms
with the use of DNA probes (see Section 6.5 and Table 6.1). Originally designed to develop

genetic probes of spacecraft bacterial contaminants, Project 6 will adapt the genetic probes to
detect contaminating viruses and to detect the emergence of both bacteria and viruses made more

virulent by exposure to spaceflight conditions, principally radiation.

6.4.1.2 The second of the team projects will involve the anti-orthostatic (AOS) (hind-limb

suspension) model and addresses Goals 1 and 2. The subgroup on hind-limb suspension felt that

it was important that standardized procedures be used by the group to allow for comparison of

results across projects. The exact caging and suspension techniques do not have to be identical,

but the parameters used for setting up the suspension should be uniform. In the future, all

suspension will be set up with uniform parameters. Suspension will be carried out with a 15 to

20 degree head-down tilt. The tilt will be measured at the body axis of the animal. Controls for

all experiments will consist of at least vivarium controls in standard housing and restraint
controls with animals in suspension hardware but with all four paws on the ground and bearing
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weight. Additional controlsmay beaddedat the investigator'sdiscretion. Vivarium controls
will bein individualcages,nothousedwith multipleanimalspercage.All hind-limb suspension
experimentswill commencein themorningbetween9 and 11AM. Dr. Sonnenfeldhasalready
hadremarkablesuccesswith theseproceduresin demonstratingan at leasttwo-fold increasein
deathin AOSmicechallengedwith Klebsiella pneumoniae.

We plan to examine changes in differential gene expression in the immune system using

commercially available low-density nylon-based gene array technology. Each blot contains 23

specific and two housekeeping genes. Arrays are available that can detect specific sets of genes

that are grouped based on their association with known signal transduction pathways. Once

changes in particular pathways are identified, pathway-specific gene arrays are available to

elucidate changes in expression of pathway-specific genes. In addition, arrays are available to

detect changes in gene expression of mouse cytokines, interleukin receptors, chemokines,
chemokine receptors, inflammatory cytokines, T-cell activation markers, and B-cell activation

markers. The approach is to catalog global changes in the immune system (cell distributions,

cytokine production, gene expression) utilizing the AOS mouse model, and then to determine any
additive effects of concomitant virus infection and/or proton irradiation on those patterns. This

comprehensive approach will provide new insights into mucosal and systemic host immune
functions. Additionally, comparison of the results from the animal model and human studies

should provide directions for future studies.

6.4.2 In planning for the next 5 years of research, it is expected that the immediate research
efforts will be directed toward uncovering the mechanisms behind the changes already observed

in immunity due to exposure of subjects to space flight conditions. An example of this process
would be the information gained from projects that will examine the effects of protons, gamma

rays, and heavy metal ions upon mature lymphocytes in the peripheral blood and the pleuripotent

hematopoietic bone marrow stem cells in irradiated mice. By carefully adjusting the timing and
dose of irradiation, it will be possible to determine where the lesions due to radiation occur along

the primordial stem cell to mature lymphocyte differentiation pathway. There could be multiple
hits, indicating that several differentiation steps are affected, or the result could be due primarily

to stem cell damage early in the differentiation pathway. Not only would this information be

important for understanding the pathogenesis of radiation-induced immunosuppression, but it
would also be important for construction of an effective countermeasures program. A lethal hit

to the primordial stem cell would mandate the countermeasure of replacement of stem cells, most

likely by use of an autologous stem cell transfusion with stem cells harvested prior to space flight

and preserved from the same radiation damage. Appropriate repair of immune system damage
should restore control of reactivated viruses and microbial infections.

In terms of a 5-10 year plan of research, it is estimated that human evaluation of the

countermeasures of the projects will take place in this phase of NSBRI-supported research. It is

most likely that the countermeasures will change during the first five years of research, as basic

science investigations discover mechanisms unknown at present. Using irradiation of the human
bone marrow stem cell development pathway as the example, it will be important to know where

radiation effects take place. If the principal radiation damage is to a mature lymphocyte (e.g..

CD4 + T-cell), there may not be the need for reconstitution with the primordial stem cell. but

rather treatment with cytokines such as 1L-7 and IL-12 that produce maturation of early

lymphocyte precursors into mature lymphocytes. Thus. the countermeasures proposed for today

will yield to the basic scientific discoveries of the first five years of research. Some
countermeasures most likely will not change, such as the use of intravenous immunoglobulin

(IVIG) in immunocompromised space travelers. IVIG has a half-life of one month and can be
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used repeatedly in patients until a permanent reconstitution of immunoglobulin by B-cells takes

place.

6.4.3 We have initiated plans for the non-risk goals of our team as well. For Goal 4, Earth-

based applications that help diagnose and treat immunodeficiency, reactivation of viral infection

and malignancy, we will begin by examining whether during long distance space travel we can
utilize the current AIDS model of the CD4 + T-cell count as a predictor of immunosuppression.

For this type of prediction system, constant refinement of standards will be very important as
illustrated by the fact that the previous cutoff of 500 CD4 + T-cells/pl of blood that defined the

limit of beginning immunosuppression has been lowered to 300 cells/_tl. Also, there may be
much more suitable surrogate markers that would prove more definitive in alerting space

physicians of pending immune compromise. The balance of pro- and anti-inflammatory

cytokines (e.g., IFN-T vs. IL-10), as seen in Antarctic winter dwellers for example, might become
a better early warning system. The example given (IFN-T vs. IL-10 levels in the Antarctic winter

model of spaceflight isolation) signaled the simultaneous activation of latent virus shedding.
Researchers will now use this cytokine balance to look for early evidence of immunosuppression
due to virus infection in children and adults in routine medical practice. Similarly, we will apply

whatever we learn for our space-based immunosuppression prediction system for future Earth-

based applications.

In further pursuit of Goal 4, the microbial detection system that Dr. Fox is perfecting will enable
astronauts to know" when water or food sources will give them food poisoning, a condition

extremely undesirable in space. It will be important for this microbial detection system to be

developed for viruses found in saliva as well so that an early warning system could be activated
should latent virus activation occur in astronauts and antiviral therapy need to be initiated. This

detection system has many potential Earth-based applications. Another activity towards

achieving Goal 4 is to examine whether adaptation of immunoreconstitution therapies to

astronauts in space may yield important clues for treatment of humans on Earth, such as the

ability to restore a failing immune system before total collapse.

Our team's efforts to achieve the non-risk goal (Goal 5) of integration of research and analysis

can be appreciated in Figure 6.1 and Table 6.2. At our team retreat in July 2001 and the NSBRI
Retreat held in January 2002, we discussed holy to interconnect all of the projects by

collaborations of investigators and sharing of research specimens and anal_aical data.

FIGURE 6.1 : Integration of NSBRI Immunology, Infection, and Hematology Team

Shearer ] Butel [ Sonnenfeld [ Gewirtz [ Shi [ Fox

Radiation

Antiorthostasis

Abnormal

Immunity

Altered Microbes

Infection

Cancer

Neuroendocrine

Abnormalities

81



Not only did the team investigators plan for the integration of their own team projects, they also

met with investigators of the Radiation Team to plan collaborative projects, particularly the

examination of effects of space radiation upon the immune cells, cytokines, and antibodies in
animal models that develop malignancies. Also, Dr. Shearer wrote a letter of collaboration to the

NSBRI for the new application of Dr. Daila Gridley, LLU, to support her inclusion in the team

effort so as to supply the present investigators with a senior radiation biologist/immunologist.
Some of the commitments of team collaborators are listed below:

• Drs. Shearer, Butel, Ling, Conner, Reuben, Rosenblatt, and Gridley for studies on

radiation, viral infection, and immune responses.

• Drs. Sonnenfeld (also involving Drs. Shearer, Butel, Conner, and Gewirtz as plans

develop) and Vazquez (NSBRI Radiation Team) for studies on radiation and immune

responses in AOS Mouse Model.
• Drs. Sonnenfeld, Butel, Ling, and Conner for studies of the effects of neuroendocrine

hormones on viral growth and replication.
• Drs. Gewirtz, Sutherland, and Reuben for radiation and hematopoietic stem cell research.

• Drs. Sonnenfeld, Fox, and Willson for studies to determine effects of neuroendocrine

hormones of gene expression of bacteria by array analysis.
• Drs. Fox, Willson, Butel, and Ling for studies of rapid detection of viruses.

• Drs. Shearer, Rosenblatt, Reuben, Butel, and Ling tbr Antarctic analog studies. Dr.

Desmond Lugg (ANARE) will be a collaborator on these studies, as well.

6.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here are the objectives underlying each goal and the strategy that we plan to use to

achieve the goals and objectives of our program.

Goal 1 : Reduce risk of space/light conditions (isolation, containment, stress, micrograviO,.
radiation) damaging the human bone ntarrow stem cell and differentiated immune
cells.

Goal 2: Reduce risk O{ astronauts developing new and reactivated in[ections, premature

immune cell death, and malignanc T.

Since many of the objectives and specific activities for Goals 1 and 2 are similar and interrelated,

we have presented them together. They are:

Objective l A-2A. Assess risk and target level of acceptable risk.
• In human models, develop a system of surrogate markers for the component of the

immune system being tested based upon well-established clinical standards (e.g..
CD4 _ T-cell count and CDC recommendations).

• In animal models, use na'cural outcomes if the endpoints are reached within days (e.g..

death). If the endpoints are to be reached in months (e.g.. breast carcinoma), develop

surrogate markers of cancer development (e.g.. epithelial cells appearing in blood

stream).

Obiective 1B-2B. Determine mechanisms.

• Complete Antarctic winter-over studies of human pro- and anti-inflammatory

cytokine balance in subjects excreting virus.

• Complete study of latent viruses EBV and JCV excretion in Antarctic winter-over

human subjects and match data results with those of subjects with altered cytokine
balance.
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• Match immune and viral study data with psychological profile study of Dr. Joanna

Wood on Psychosocial Team.

• Complete study of HPA axis in AOS mice to determine role of catecholamines in

lowering immune resistance factors.
• Begin radiation studies of murine model to determine extent of immune compromise

and how these animals handle latent virus challenge and whether they develop

lymphoreticular malignancy.
• Quantitate immune responses in irradiated and virus-challenged mice and determine

effects of radiation on degree of immunosuppression and reactivation of virus.

• Begin in vitro study of proton, gamma, and heavy metal radiation on human

pleuripotential bone marrow and peripheral blood stem cells and the myelogenous and

lymphocytic differentiation pathways leading to malignancy.
• Determine immune system gene expression profiles in AOS mice before and after

virus infection, with and without radiation exposure.

• Begin study of apoptosis in thymocytes of AOS mice to determine effects upon
education and selection of lymphocytes.

• Determine THI vs. TH2 cytokine profile in AOS mice and effects of immune

mediators upon regulation of bone metabolism.
• Increase the specificity of nucleic acid and molecular beacon probes for early

detection of microbial contamination of water supply in spaceships.

Objective 1C-2C. Develop countermeasures.
• Form strategic plan for general and specific immunoreconstitution of astronauts based

upon the deficits uncovered in exploring the mechanisms of space flight

immunodeficiency (see above).
• Based upon current treatments of immunodeficient humans on Earth (i.e., genetically

immunodeficient patients, immunosuppressed transplant patients, patients with

rheumatoid arthritis, patients with AIDS), plan to adapt therapies involving parenteral

immunoglobulin, cytokines, chemokines, monoclonal antibodies, fusion proteins, and

autologous stem cells for astronauts who develop seconda_' states of

immunodeficiency in space travel.
• Based upon current and developing treatment regimens for viral infection (e.g.,

gancyclovir for cytomegalovirus), plan to adapt therapies for astronauts who become
infected or re-infected with opportunistic and reactivated viral infections.

• Based upon current and developing experimental treatments of cytokine-mediated

(e.g., tumor necrosis factor-alpha) wasting disease, plan to adapt such treatments (e.g.,
thalidomide) for use in astronauts who develop wasting disease in space due to

abnormal THI vs. TH2 cytokine balance and apoptosis of iymphocytes.
• Work with Nutrition Team (Dr. Joanne Lupton) to devise nutritional supplements that

augment innate and acquired immunity.
• Work with Performance and Psychosocial Teams to provide adequate rest periods for

astronauts to restore lymphocyte health.

Goal 3: Reduce risk qf ,space ,flight-induced development o1 superstrains o.1 microbial

organisms.

Objective 3A. Assess risk and target level of acceptable risk.

Objective 3B. Determine mechanisms.
• Isolate and genotype gut flora of irradiated and AOS mice.
• Perform resistance assays of microbes recovered from radiation experiments.
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Objective 3C. Develop countermeasures.
• Investigate effects of immunotherapy (e.g. monoclonal antibodies) on drug-resistant

microbes.

Goal 4: Develop Earth-based applications of space ./light studies to help diagnose and treat
humans with secondary immunodeficiencies, reactivated viral infections, and

malignancy.

Objective 4A. Plan for the future when space flight diagnosis and treatments are being
utilized for astronauts with immune compromise, opportunistic infection, and possibly

cancer.

• Explore use of T cell count and cytokine balance as indicators of immune

compromise.
• Continue efforts to expand microbial detection system to include viruses.

Obiective 4B. When such methods of diagnosis and modes of treatment of astronauts in

space become a reality, determine whether these methods, dictated by the unique features of

space travel (e.g., microgravity, strict regulation of diet, enforced rest periods), might be

applied in diagnostic methods and treatment programs on Earth.

Goal 5: Integrate research and anal),sis.

Objective 5A. Integrate research within the Immunology, Infection. and Hematology Tea-n:
• Continue current integration efforts described in Table 6.2.

Objective 5B. Integrate research with other teams using modeling, as well as other

approaches:
• Enlarge collaboration with Radiation Effects Team. Add Dr. Daila Gridley of LLU to

team, if her NSBRI grant application is accepted.
• Continue collaboration with Psvchosocial Team (Dr. David Dinges. Dr. Joanna

Wood), NASA (I)r. Duane Pierson), and ANARE (Dr. Desmond Lugg) in analyzing:
1) immune factors, 2) virus reactivation, and 3) psychological profiles of Antarctic

winter dwellers in a synergy project (submitted to NSBRI for funding [12-13-01]).

• Develop joint projects with Nutrition Team (Dr. Joanne Lupton)

• Develop joint projects with Bone Metabolism Team (Dr. Jay Shapiro)

Objective 5C. Integrate research with investigators not formally associated with the NSBRl.
• Continue collaboration of team with Dr. Desmond Lugg (ANARE), Dr. 1. Larina

(IBMP), Dr. Duane Pierson (NASA). Dr. Marcelo Vazquez (NSBRI radiation team)
and Dr. Elizabeth Sutherland (BNL). and Dr. Daila Gridley (LLU).

6.6 SUMMARY

The essence of the challenge facing the investigators of the Immunology, Infection, and

Hematology Team is depicted in Figure 6.2.
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FIGURE 6.2

Conditions of long-term spaceflight that may weaken cells of the immune system.

The voyage to and from the planet Mars is estimated to consume 3 years. During that time, human space travelers will be

exposed to stress, microgravity, isolation, containment, sleep disruption, microbial contamination, and solar radiation (up
to 3 Gy of proton and gamma radiation). All of these conditions are known or suspected causes of immunosuppression,
which is possibly sufficient to lead to reactivation of latent viral infections and malignancy. The immune cells that may be
susceptible to these causes of immunosuppression include the bone marrow stem cell (CD34'). helper T-cell (CD4"),
cytotoxic T-cell (CD8 _), B-cell (CDI 9-), monocyte-macrophage (CD16") and natural killer cell (CD56 _). Because of the
inherent difficulties of assessing these risks in space flight, ground-based models that incorporate some of the conditions
of long-term space flight offer the best hope of adequately predicting the harm that may occur to the human immune
system in interplanetary travel. Taken from Shearer WT, et al. Antibody responses to phiX-174 in human subjects
exposed to the Antarctic winter-over model of spaceflight. ,/Allerg3' CItn Immuno12001 :107: 160-164.

All of the risk factors affecting cells of the immune system by themselves are known to represent
risks to earthbound inhabitants. Solar radiation, for example, is known to cause melanomas of

the skin, a tumor that is controlled by T-cells. As humans age, T-cell immunosurveillance

weakens, and these forms of cancer appear. Unpublished studies by NASA have already shown a
3-fold increased incidence of skin melanomas in astronauts as compared to earthbound NASA

employees (295 astronauts compared to 909 controls, Longitudinal Study of Astronaut Health.
Surveillance Epidemioiogy, and End Results Program). Another example is that of reactivated

latent viruses, leading to unregulated growth orB-cells and non-ltod_zkin lymphomas.

"['he role of the team is to scientifically define and quantitate the potential harmful effects of the

conditions of space travel upon human immune responses and health. Foremost in our ef/brts
will be the constant search for countermeasures to the risks that we define and quantitate. We are

not content to merely document the probability that space risk factors exist and are likely to
create infections and cancer in astronauts. We want to use the immunological reagents and

procedures that are already in use for humans with immunodeficiency on Earth for our astronauts
whose immune responses are jeopardized by the immunosuppressive conditions of space travel.

We have made progress so far in our team research, and a timeline for the strategic activities for
each of our Goals is presented in Table 6.3. For Goal 1 (Table 6.3A). the team is already well
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into the Countermeasure Development Phase 1 (Focused Mechanistic Research) and beginning to

enter Phase 2 research (Preliminary Countermeasure Development Research). We expect to

complete Phase 2 research by 2009, but overlapping with development of Phase 3 research

(Mature Countermeasure Development Research) by 2006-2010. We anticipate beginning Phase

4 research (Countermeasure Evaluation and Validation) during 2009-2011 and Phase 5 research

(Operational Implementation of Countermeasure Strategy) during 2011-2012. Similarly, with

Goal 2 (Table 6.3B) and Goal 3 (Table 6.3C), we anticipate a steady and progressive

development of team research from the present Phase 1 level to Phase 5 level over the next 10

years.
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Table 6.1.

Pl/Project

Project Research Activities

BUTEL/Viral Infections and

Mucosal Immunity

FOX/Microorganisms in the

Spacecraft Environment

GEWIRTZ'Effect of Deep

Space Radiation on Iltunan

Hematopoietic Stem Cells

SHEARER'Space Flight

Immunodeficiencv

SHl:Endogenous Opioid-

Mediated Fas Expression in
Stress-Induced Lymphocx te

Apotosis

Risk(s)

Addressed

I-5

3-5

1.3,4

1,3,4

1.2,4

2-5SONNEN FELDSuspension,
the ttPA Axis and Resistance

to Infection

Experimental

System

Phase 1

Activities:

Focused

Mechanistic

Research

Countermeasure

Target

Phase 2

Activities:

Preliminary

Countermeasure

Development

Research

Phase 3

Activities:

Mature

Countermeasure

Development

Research

Pharmacological

Agents

Pharmacological

Therapy

Stem Cell Therapy,
Cancer

Chemotherapy

Antibody Therap._,
Stem Cell qherap_

Cytokine Fherapy

Pharmacological

Therapy

AOS: IR: tlurnans

Microbes

In Vitro Stem

Cells

IR:
Ilumans

AOS, IR

AOS, IR

Detect tmmune

damage: Measure
infection

Develop microbe

detection system

Detect darnage to
stem cells

Measure apoptosis

in thymocytes
Measure HPA in

AOS, IR

Determination of

role of different

stressors on immune

response

Formulate antiviral

reagents

Perfect microbe

detection system

Formulate autologous

stem cell transplant

Adapt Earth Rx

strategies

Formulate drug

treatment program

Formulate anti-stress

program

Flight test
detection system

Test stem cell

Transplantation in

space

Perform Rx in space

Test program in

space

Risks Key: I ) Radiation damage to stem cell and immune system: 2) Microgravity damage to ilnmune system; 3) Reactivation of latent viral infections; 4)

Malignanc,,; 5) Altered microbes

Definitions: AOS. anti-o_lhostaticall5 suspended murine model; IR, irradiated mice; ttumans, hutmns exposed to Antarctic winter or isolation in capsules;

Microbes. microbial detection systems; tlPA, hypothalamic pituitar,,, axis: Rx. treatment
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Table 6.2. Inteqration Activities

BUTE L FOX G EW! RTZ SH EARER SHI SONNENFELD

Internal

Communication

(E-mail, telecons,
retreats, scientific

meetings for all

projects)

Integrated
Experiment

Development

Sample Sharing

Synergistic Studies

of Opportunity

Development of

Computer Model of

Integrated Human
Function

• Shearer

• Sonnenfeld

• Fox

• Gridley (LLU)

• Lugg (ANARE)

• Pierson (NASA)
• Larina (IBMP)

Model Radiation and AOS

Studies

• Shearer • Pierson

• Gridle.x • l.arina

• Reuben • Lugg
• Sonnenfeld • Fox

Blood, Urine
• Shearer

• Reuben

• Larina

Antarctic Winter

• Shearer

• Lugg
• Pierson

• Butel

• Sonnenfeld

Collaborative Gene

Probe Studies

• Butel

• Sonnenfeld

Microbes

• Butel

• Sonnenfeld

Radiation, AOS

• Butel

• Sonnenfeld

• Shearer

• Shi

• Sutherland

(BNL)

Model Radiation

Studies

• Reuben

• Shearer

Stem Cells

• Reuben

• Shearer

Radiation

• Reuben

• Shearer

• Kennedy

(Rad. Team)

• Butel • Gridley

• Gewirtz • Lugg
• Fox * Pierson

• Shi • Dinges

• Sonnenfeld (Psych)

Model Radiation and

Human Exposure Studies
• Butel

• Reuben

• Lugg

• Gridley

Blood

• Butel

• Reuben

• Dinges

Antarctic Winter, Sleep

Deprivation
• Butel

• Dinges

• Lugg

• Sonnenfeld

• Butel

Model AOS

Studies

• Gewirtz

Blood

• Sonnenfeld

• Butel

Radiation

• Sutherland

• Kennedy

• Shearer

• Butel

• Vazquez (Rad)

Collaborative Gene

Probe Studies

• Butel

• Fox

Blood

• Vazquez

Radiation, AOS
• Butel

Definitions: ANARE, Australian National Antarctic Research Expedition: NASA, National Aeronautics and Space Administration; 1BMP, Institute for Biomedical Problems, Moscow;

I.LU, Loma Linda University: Psych. Psychosocial Team: Rad, Radiation Effects Team: BNL, Brookhaven National LahDratory; AOS, Antiorthostatic Suspension
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Table 6.3A. Achieving Goal 1: Reduce Risk of Space Flight Conditions (lsolation_ Containment_ Stress_

Damaging the Human Bone Marrow Stem Cell and Differentiated Immune Cells

Microgravitw Radiation)

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

• Define radiation damage to immune system in animals

• Define microgravity damage to immune system in animals

• Define latent virus damage to immune system in animals

• Measure virus excretion in Antarctic-bound humans

• Develop surrogate markers of immunity for space

Phase 2: Preliminao' Countermeasure Development Research

• Adapt antibody therapy to space travel

• Adapt cytokine therapy to space travel

• Develop space immunization strategies

• Develop radiation shielding methods

• Plan stem cell therapy in space

Phase 3: Mature Countermeasure Development Research

• Perfect and test ready-to-use antibody auto injectors

,, Perfect and lest cvtokine auto injector system

• Safct_ study of space vaccines

• Safer} stud} of at,tochthonous (self) stern cell transplants

Phase 4: Countermeasure Evaluation & Validation

• Efficacy study of Phase 3 countermeasures (above)

Phase 5: Operational Implementation of Countermeasure Strategy

• Spacecraft trial of countermeasures

ere

2001

2001 2002 2003 2004 2005 2006 _007 2008 2009 2010 2011 2012

L

II
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Table 6.3B. Achieving Goal 2: Reduce Risk of Astronauts Developing New and Reactivated Infections_ Premature Immune Cell Death_

and Malil_nancy

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

?hase 1: Focused Mechanistic Research

• Measure _irus excretion in Antarctic-bound humans

• Measure tumorigenesis in irradiated;virus-infected animals

• Study malignant transformation in irradiated human stem cells

• Study additive effect of malnutrition on tumorigenesis

• Develop surrogate markers for premalignancy

Phase 2: PreliminaD' Countermeasure Development Research

• Develop radiation shielding methods (chemical, physical)

• Develop oneogene array assays for gene targeting

• Adapt cytotoxic T-cell rescue of I'P,V tumors for space

• Develop cancer virus vaccine for space

Phase 3: Mature Countermeasure Development Research

• Safety stud5 of radiation blockers (animals)

• Safety stvdy of cancer gene promotor inhibitors (animals)

• Safety stud), ofanti-EBV tumor T-cells (humans)

• Safety study ofcancer virus vaccine (humans)

Phase 4: Countermeasure Evaluation & Validation

• Efficacy studies of Phase 3 countermeasures (above)

Phase 5: Operational Implementation of Countermeasure Strate_'

• Spacecraft trial of countermeasures

Pre 2001 2002

2001

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

i n
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I
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Table 6.3C. Achieving Goal 3: Reduce Risk of Space-Flight-lnduced Development of Superstrains of Microbial Organisms

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research
lma

Phase 1: Focused Mechanistic Research

• Genot3pe _,,ut flora of irradiated mice

• Perfornl resistance assays of organisms of irradiated mice

• Combination ofmicrogravity and radiation to determine microbe vi,uletlce

assays

• Adapt Fox gene probes to viral organisms

Phase 2: Preliminao' Countermeasure Development Research

• Develop monoclonal antibodies to resident organisms

• Develop c}tokine therapies to augment c3totoxic T-cells

• Develop fiJsion proteins specific for receptors on cancer ceils

• Develop toxin-anlibod_ conjt, gate molecules for cancer

'Phase 3: Mature Countermeasure Development Research

• Safely Stild} ofmonoclonal antibodies

• Safety study ofcvtokine activation ofT-cells

• Safety' stud} of fl, sion proteins for cancer

• Safety study oftoxirvantibody conjugates

Phase 4: Countermeasure Evaluation & Validation

• Efficacy stt,dy of Phase 3 countermeasures (above)

Phase 5: Operational Implementation of Countermeasure Strategy

• Spacecraft trial ofcountermeast|res

ere

2001 2001 200212003 2004 2005 2006_2010 2011 2012
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7.0 MUSCLE ALTERATIONS & ATROPHY

Team Leader: Kenneth M. Baldwin, Ph.D.

Professor

Department of Physiology and Biophysics

University of California, Irvine
Medical Sciences I, Rm. D340

Irvine, CA 92697-4560
949-824-7192

949-824-8540 FAX

kmbaldwi(h) uci.edu

7.1 INTRODUCTION

Previous research involving both humans and animals clearly indicates that unloading the

skeletal muscle system through prolonged space flight or bed rest causes a cascade of negative
events within the body. Muscle mass is reduced and although the mechanism for this response is

not known for certain, the atrophy is thought to be due to an imbalance between protein synthesis

and protein degradation within the targeted fibers. Muscle strength is also reduced, leading to a

decrease in physical performance and high power output capacity. However, the reduction in

strength often exceeds the loss in muscle mass_ suggesting that other, more complex mechanisms
may be responsible for the reduced performance. A slow-to-fast shift in the contractile protein

phenotype is observed, including shifts to faster myosin heavy chain (MHC) and calcium cycling

proteins. These alterations induce the muscle fibers to become less economical in sustaining

force output, resulting in an increased fatigability. This decreased resistance to fatigue is

important because it could cause functional impairment that would affect the performance of
extravehicular activity in space and emergency egress activity following landing. It is reasonable

to suspect that the above changes will also make muscle more prone to injury, than would
otherwise be the case and that weaker muscles w'ould result in an increased susceptibility to

accidents that could cause damage to other systems, such as bone or connective tissue.

Deleterious alterations in muscle properties may also be closely linked to changes in the ability of

the nervous system to accurately control movements. All these effects could alter astronaut

safety when performing any type of work in space.

7.2 RISKS

The following risks in the Muscle Alterations and Atrophy Discipline Area have been identified
in the Critical Path Roadmap (risk number in parentheses):

• Loss of Skeletal Muscle Mass, Strength. and/or Endurance (28)

• Inability to Adequately Perform Tasks Due to Motor Pertbrmance, Muscle Endurance.

and Disruption in Structural and Functional Properties of Soft and Hard Connective
Tissues of the Axial Skeleton (29)

• Inability to Sustain Muscle Performance Levels to Meet Demands of Performing

Activities of Varying Intensities (30)

• Propensity to Develop Muscle Injury. Connective Tissue Dysfunction. and Bone
Fractures Due to Deficiencies in Motor Skill, Muscle Strength and Muscular Fatigue (3 ! )

• Impact of Deficits in Skeletal Muscle Structure and Function on Other Systems (32)



Sinceseveralof theserisks areoperationallydefinedandinterdependent,it is difficult to organize
anddevelopafocusedresearchprogrambasedon this set. Therefore,wehavechosento redefinethe
risks in this researchareaasfollows:

• Loss of muscle mass, strength and endurance;
• Loss of motor control/movement performance due to changes in neural control;

• Proneness to muscle injury; and

• Impact of degeneration of muscle or increased injury of muscle on other systems such as
bone and connective tissue.

This set of four risks underlies the risks listed in the Critical Path Roadmap and is less interdepend-

ent.

7.3 GOALS

The Muscle Alterations and Atrophy Team has the following goals for its program:

Risk-Based Goals

Goal 1: Reduce risk ofloss of muscle mass, strength and endurance

Goal 2: Reduce risk of loss gf motor control/movement per[ormance due to changes in neural

control

Goal 3: Reduce risk o/proneness to muscle injury

Non Risk-Based Goals

Goal 4: Develop monitoring methods using biochemical/molecular markers to predict potential
anabolic and catabolic states in muscle

Goal 5:

Goal 6:

Develop rehabilitation methods (nutritional, pharmacological, and exercise-spec(fic

agents) that are effective in treating loss _?/muscle ma.ss, strength and endurance

Develop EarttT-based applications o/exercise training paradigms to ameliorate

problems oJJrailty, injury, morbidity, and mortality that are associated with the aging

process, degenerative muscle disorders, and inactivity-related disorders

Goal 7: Integrate research and analysis

7.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Muscle Adaptation and Alterations team (Muscle Team) will seek to reduce most but not all
of the identified risks defined in section 7.2 above. In particular, we are not addressing the fourth

of the risks listed in that section, dealing with the impact of muscle degeneration or injury on

other systems. While it is apparent that there is important synergy between the properties of
skeletal muscle and bone, the bone and connective tissue properties can be studied more

effectively by the experts in the bone discipline field bv exploiting models that affect both
skeletal muscle and bone. The Muscle Team views Goal 1. Reduce risk of loss of muscle mass.

strength and endurance, as its primar)' goal. This goal underlies the Team's research program to

prevent or minimize the deleterious adaptations of the structure and function of skeletal muscle
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in responseto the prolongedstatesof unloadingoccurring in spaceflight. Importantly,the
ameliorationof thesedeficits will have an inherentbeneficial effect in reducingthe other,
secondary,risk-basedgoals(Goals2 and 3) that concernthe motor controlof musclefunction
and/ormovementperformanceandthereductionof thepronenessof weakenedskeletalmuscleto
injury. Due to budgetaryconstraintsthat limit thecurrent sizeof the investigativeteam,these
two goals,though important,will not be a major focus at the presenttime. Futureresearch
efforts in addressingthesesecondarygoalswill evolveasthe programis expanded.Additional
non risk-basedgoals include thoseassociatedwith the assessmentof healthandapplicationof
medicalcare,transferof informationto Earth-basedapplications,and facilitationof integration
of researchandanalysis.

In 2001, the Muscle Team's researchprogramwas totally restructured. The currentteam is
comprisedof ten principal investigators,sevenof whom are new NSBRI investigators. The
restructuringinvolved a significant refocusanda shift in the team'sresearchobjectives. Table
7.1, entitled "Current Project ResearchActivities," summarizesfor each current Muscle
Alterations and Atrophy Team project those risks that are currently being addressed,the
experimentalsystem,the countermeasuretargetand whethera project is part of the strategic
stepsof Phase1,2or 3 Activities.

All projects directly or indirectly addressthe critical problem of muscle atrophy and the
correspondingloss in muscle strengthand humanperformance. The Baldwin. Goldberg,and
Antin projectsseeka betterunderstandingof the mechanismsassociatedwith the imbalancein
protein synthesisand proteindegradation. TheGoldbergand Antin projects,while addressing
mechanismsof degradation,focusondifferent,butcomplementaryprocessesthatimpactprotein
loss. The Antin project examinescalpainand its role in the regulationof the rateof muscle
protein accumulation and the potential use of inhibitors of calpain mechanismsas
countermeasuresin animalandcellular models. TheGoldbergproject,alternatively,usesanimal
and humanmodels to seekto clari_' the basisof activation of the ubiquinationpathwayin
unloadedmusclesand whetherinhibitors of this pathwaymay be a countermeasureto muscle
atrophy. The Baldwin project usesan animalmodelto directly examinethe switch in muscle
proteinphenotypesthat is associatedwith muscleunloadingandto developa resistanceexercise
programthat amelioratesmuscleatrophyand preventsphcnotypeswitch in responseto space
flight. In addition,Baldwin's groupis interactingwith scientistsoutsidetheNSBRI,suchasDr.
SuzanneSchneiderat the University of New Mexico and Dr. Per Teschat the Karolinska
Institute,who are directing researchprojectsthat seekresistancetraining countermeasuresto
preventmuscleatrophyin humansubjectsin responseto groundbasedmodelsof unloading.

The Kandarian(rodent) and Hamilton (human)projectsare determiningwhich key genesare
involved in both atrophy and hypertrophyprocessesusing functional genomicsand global
transcriptionalprofiling. By examiningthe expressionof-8,000 genessimultaneouslyover a
time courseof unloading, the Kandarianproject will uncover patternsof geneexpression
underlyingmuscleatrophy,.By usinga variety'of clusteringapproachesand bv comparingthe
geneexpressiondatasetto that in the literaturefrom hypertrophied,aging,andcachexticmuscle
(Goldberglab). clustersof geneexpressionuniqueto muscleunloadingwill be revealed.These
datawill alsobecomparedto the humandatasetproducedby the Hamiltonproiect. Thegenes
andgeneclustersthat areuniquelyalteredby disusewill bestudiedin furtherdetail (by various
investigators)to determinetheir role duringdisuse/unloadingatrophy. Work recentlypublished
from this lab showedthat unloading activatedan NF-kB pathway,so the effect of NF-kB
inhibitors (e.g.,asprin,curcumin)will betestedfor their ability to ameliorateatrophy'andreverse
theaffectedgeneclusters.
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Focusingmainly on Ca2+-sensitiveprocesses,theWisemanprojectwill provide insight into cell
signalingandregulatoryfactorsthatcontrol theproteinphenotypeandthe metaboliccapacityof

- 2+

isolated muscle cells. Direct manipulation of cytosohc Ca levels may stave off changes in

muscle upon unloading. The Reid project will dissect the role of both ionizing radiation and

reactive oxygen species on mechanisms of muscle fatigue, as well as muscle atrophy processes in
animals and cultured cells. Antioxidants will be tested as potential countermeasures to these

effects in human subjects. The Sinha/Edgerton project will use humans to dissect the effects of

unloading on stress/strain function in skeletal muscle and determine how muscles may become

prone to injury in the face of atrophy and loss of strength. It will also examine its MRI
technology for potential use for evaluation of exercise countermeasures using the human lower

limb suspension model. Additional interactions are evolving among the Goldberg,

Sinha/Edgerton and Baldwin projects, as well as between the Hamilton and Sinha projects.

These groups aim to establish "ground zero baselines" that define the mechanisms of muscle

atrophy by using the spinal isolation model where animals have complete inhibition of

neuromuscular activity.

Complementing the above projects are two additional projects that were originally part of the

Integrated Human Function Team. However, due to restructuring within NSBRI program

objectives, two projects were reallocated to the Muscle Team, since they were clearly congruent

to the goals of the Muscle Team as outlined above.

The Kushmerick project uses a combination of non-invasive 31p and IHNMR spectroscopies,
MR and ultrasound functional images, biomechanical analyses and multi-level modeling in order

to conduct analyses leading to an integration of the metabolic and mechanical mechanisms of
human muscle. Analysis of limb function is crucial to plan training and to select personnel for

optimal efficiency and economy with minimal risk and fatigue. The basic science of this

proposal evaluates the mechanisms responsible for transient and steady state performance of limb
muscle, which is critical for astronaut performance. This analysis requires the specification of:

1.) the mechanical power output by specific muscles during limb functions: 2.1 the analysis of the

properties of different muscles in the same individual and of" the same muscles in different
individuals: 3.) the partition of energy demand into mechanical output and ion transport costs: 4.)

the division of metabolism quantitatively between glycolytic and oxidative processes and

analysis of their inter-related controls: and 5.) the relationship between these intracellular and

mechanical properties and muscle blood flow and perfusion. These experimental approaches and
information are crucial to develop a model-based approach to the study of in vivo muscle energy
balance in humans because the relevant data is not available and more importantly, and because

the conceptual basis for integrating the component cellular mechanisms can only be evolved

from these new observations.

The Chase project, while originally targeted to the Integrated ltuman Function Team also

provides an excellent fit with the existing Muscle Team. The overall goal of this project is to

produce a muscle cell model (digital cell) that w'ill: explain biomcchanical adaptations that occur
with alterations in muscle protein isoforms due to changes in activity level: predict bioenergetic

changes associated with changes in activity level: and be integrated into computational models of
human limb and heart. The essential molecular and subcellular components of the model will be

identified and algorithms constructed based on experimental data obtained in a controlled
environment. The cell model will bc tested against published biomechanical and bioenergetic

data obtained under a broad spectrum of environmental conditions. The muscle cell model will

be one of the main building blocks for constructing a model of integrated human function
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becausethe cell is thebasicunit of physiological organization and because the musculoskeletal

system is -80% of body mass, thus a major determinant of energy consumption, and is

responsible for movement and cardiovascular function. This particular project will closely
interface with both the Kushmeric projects and the Wiseman projects as described above.

We anticipate that as the ground-based research matures, over time, three fundamental counter-

measure strategies will be applied to ameliorate skeletal muscle dysfunctions. These include:

1) Different forms of preflight and inflight physical exercise with activity-unique prescrip-
tions:

• A resistance training prescription to maintain muscle mass and strength.
Studies conducted to date on both animals and humans clearly suggest that

exercise paradigms of the high resistance type are only partially effective in

reducing muscle atrophy. Future research needs to: a) Utilize human experiments
to define the success of resistance paradigms using ground-based models that

induce atrophy (bed rest, limb suspension). This effort should be carried out by .
interactions both within and outside the muscle team. b) Understand the

mechanism(s) behind the partial effectiveness of resistance training, c) Define a

better exercise prescription that is more effective in reducing muscle atrophy, as

well as, more economical in terms of the time devoted to performing such a

countermeasure on a daily basis.

• An aerobic exercise paradigm that would improve both cardiovascularfitness and
skeletal muscle endurance.

Aerobic exercise is an important countermeasure for both skeletal muscle and

cardiovascular endurance. While it is recognized that activities such as running

and cycling are effective in enhancing endurance in normal weight bearing modes,
it remains to be determined whether these paradigms are effective when used with

individuals experiencing chronic states of" unloading even when performed in

conjunction with resistance training paradigms. Activities carried out with both
human (Hamilton) and animal models (Baldwin) will be developed in the next

few years to provide insight into this issue.
• An activiO; paradigm that would.weci[ically target the sensor)'-motor pathwm's to

maintain posture, balance and locomotor skills.

This type of activity is an important part of a total exercise prescription, and future
research projects need to bc sought to address this issue using new funding
mmatnves.

• An impact-loading paradigm that couht conceivably qffect both the skeletal
muscle .system and the skeletal systems to stimulate�maintain bone homeostasis.

While it has been recognized that stress/strain reaction forces impact both muscle
and bone, research addressing whether there are synergistic/interactive effects of
bone stress on muscle and ",,ice versa is still in the infant stages. A visionary goal

of the muscle team is to address this problem in future research projects. This
research could be facilitated bv interactions with both the Bone and Nutritional

Teams.

2) ttuman-powered artificial gravity (gravity-equivalent exercise).
Funding augmentation should be sought to begin studies using artificial gra`,'ity

(human-powered centrifuge) as an alternative countermeasure strategy. "ihesc

activities need to be a high priority tot flight testing, because this activity paradigm

has the potential to encapsulate all four of the above mentioned exercise-type

prescriptions and positively add to the bone. cardiovascular, vestibular, and

96



nutritional/fitnesscountermeasurestrategies.It is envisionedthat the MuscleTeam
will take a lead role and undertakea multifaceted, integrative researchproject
involving the Neurovestibular,Cardiovascular,Bone,andNutrition/PhysicalFitness
researchTeamsto addressthese fundamentaloverarchingphysiologicalproblems
usingartificial human-generatedgravityequivalentexerciseasthe centerpiecein the
countermeasureprogram.

3)Novel nutritional,pharmacologicalandhormonal/growthfactorapproaches
Theseactivities arebeingexploredin the currentfundingperiod. In particular,the
genechip analysescurrentlyunderwaywill contributesignificantly to the collective
researcheffort.

In the future, asmore resourcesbecomeavailable,we would like to seek funding for projects
which addresstherelationshipof muscletissuechangeswith actualmovementperformanceand
that strive to differentiatebetweenproblemsassociatedwith neuralcontrol versusmuscletissue
effects (Goal 2). Additional projectsexaminingthe pronenessof weakenedmuscleto injury
shouldalso be sought(Goal 3). Theseprojectswill build off of the fundamentalknowledge
generatedby thecombinedSinha,KushmericandChaseprojects.

Someprogresshasalreadybeenmadein achievingthe first of the non risk-basedgoals,e.g.,
Goal4, "Developmonitoringmethodsusingbiochemical/molecularmarkersto predictpotential
anabolicandcatabolicstatesin muscle". In thecurrentfundingperiod,severalgenesandtheir
encodedproteinshavebeenidentifiedthat couldplay key'rolesin musclehomeostasisandthat
could be usedas markers.For example,Goldberg's teamhas identified a novel gene,termed
atrogin 1, that may play a pivotal role in regulatingmuscle-wastingdisorders.The Kandarian
teamhasrevealed16different genesencodingproteasomesubunitsand 5 ubiquitinationgenes
(including atrogin-l) that are upregulatedwith unloading,but the ubiquitination genesare
upregulatedearlierand to a greatermagnitudethan the proteasomegenes. This effect is a
distinctly different catabolicresponseto that seenwith aging, lbr instance.This exampleis one
of manyexamplesof differentially expressedgeneclustersrevealedby the Kandarianproject.
Also, the Baldwin group hasshownthat atrophyingskeletalmusclesof rodentsand humans
initially undergomarkedlossesin ribosomalRNA thatserveasthemachine_'for translatingthe
protein necessaryfor maintaining muscle mass. Additionally. growth factors (IGF-I and
mechanogrowthfactor) havebeenidentified thatappearto beessentialin turning on anabolic
processesandinhibiting catabolicstatesin muscleundergoinganalteredloadingstate. Thus,it
is anticipatedthat a cadreof molecularmarkerswill be identifiedthat canbe usedto assessthe
stateof the musclein astronauts.By controllingtheexpressionof thegenesfor theseimportant
proteins,wemayalso beableto maintainthe musclefrom onefunctionalstateto another.In the
future, themonitoringmethodsthat wedevelopfor usewith theastronautswill alsohavedirect
applicability for addressinga varietyof Earth-basedproblemsassociatedwith muscledisorders
dueto inactivity, disease,andsportsinjury'.

Two other non risk-basedgoals(Goals5 and 6) are important aims of the Muscle Team's
researchmission. The futurevision of the programwill involve expandingthe knowledgeof
musclecell structureand function and the operationalactivity regimensso that we can best
design rehabilitation methodsthat overcomethe muscledeficits that occur in astronautsin
responseto prolongedspaceflight (Goal 5) and the well-knowneffects of aging on skeletal
musclethat closelymimic theseeffects(Goal 6). Regimenssimilar to the successfulpreflight
training paradigmsmay likewise beusedaspreventativemeasuresfor the effectsof aging,on
muscle. Similar preventativeand rehabilitativemethodsmat' also aid a variety of muscle
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degenerativedisordersandinactivity-relateddiseases(e.g.typeII diabetes)that severelyimpact
largepopulationsof individuals.Thus, Earth-basedapplicationsaddressingproblemsof frailty,
injury, morbidity, and mortality that are associatedwith Earth-baseddisorders representan
importantoutcomeof the Muscle Program. To these efforts, the expertise currently on board the

muscle Team (Sinha, Kushmerick, Hamilton, and Chase Projects), should play a significant role

in advancing Goals 5 and 6.

Another important non risk-based goal of the Muscle Team (Goal 7) will be to enhance the
interaction of individual Muscle Team investigators a) among the current team's research

infrastructure, b) among investigators within other teams (Bone, Nutrition and Fitness.

Neurovestibular, Cardiovascular), and c) with investigators not formally associated with the

NSBRI. This strategy should provide an effective means to leverage a greater scientific return
relative to the resources invested by the NSBRI. Table 7.2 summarizes our current efforts at

integration. A few examples of integration of the Muscle Team with other teams or researchers
outside of the NSBRI are as follows: Dr. Baldwin currently serves as a co-investigator on Dr.

Shapiro's Bone Team research project that investigates the effects of bisphophonates on the
integrity of bone and skeletal muscle. He is currently interacting with Dr. Ann Kennedy of the
radiation team in testing a novel protease inhibitor for its properties in preventing muscle wasting

in conjunction with resistance exercise using rodents as the model system. Also, Dr. Baldwin is

collaborating extensively with investigators external to the NSBRI program in seeking
countermeasures to muscle atrophy in human models of atrophy (both bed rest and limb

suspension models). These interactions are with Dr. Suzanne Schneider at the University of New
Mexico and with Dr. Per Tesch at the Karolinska Institute in Stockhohn, and these projects are

using novel resistance training devices and innovative training programs that are aimed at
preventing muscle atrophy. As another example of integration from the Muscle Team. the

modeling work of Dr. Kushmerick and Dr. Chase will serve to integrate the team with the other

NSBRI teams as part of the Core Integrated Human Function el'ibm.

7.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here are the objectives underlying each goal and the strategic activities that we plan to

use to achieve the goals and objectives of our program. Table 7.3 summarizes the timeline of the
Muscle Team's strategic activities for Goal 1. The other goals are still being developed and will

not be summarized in a similar table.

Goal I : Reduce risk qflloss o/muscle mass. strength and endurance

Objective 1A. Assess risk and target level of acceptable risk
• Complete activities to achieve this objective which are currently a part of the projects in

which Dr. Baldwin's group is interacting with outside investigators using resistance

training with bed rest studies (in collaboration with Dr. Schneider) as well as using
human models of limb suspension in combination with concentric/eccentric resistance

exercise (in collaboration with Dr. Tesch).

Obiective lB. Determine mechanisms
• Complete projects defining the underlying processes that cause the catabolic muscle state

and develop a better understanding of the processes regulating muscle protein degradation
(Antin. Goldberg. Kandarian. Hamilton. and Baldwin projects).

• Complete projects defining the mechanism of the slow-to-fast shift in contractile protein

phenotype (e.g., shilis to faster myosin heavv chain and calcium cycling proteins) upon

muscle unloading (Wiseman and Chase projects ).
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• Completeproject that seeksinsight into the role that reactiveoxygen speciesplay in
causingmuscleatrophyprocesses(Reidproject).

• Completeprojectsdefiningmuscleloading-sensitivegenesusingbothanimalandhuman
subjectswith the intent to ultimately determinenew approachesto regulatingprotein
balancein skeletalmuscle(HamiltonandKandarianprojects).

• Completeprojectsthat addressthestress-strainrelationshipin skeletalmuscleof subjects
with tendon injuries and muscle weaknessdue to atrophy processes;and assessthe
metabolicstatesof musclein performingdifferent typesof activity (SinhaJEdgertonand
Kushmerickprojects).

• Initiate a project that determineseffectsof artificial gravity (suchas human-powered
centrifuge) on muscle. (This possibility dependson resourcescoming available by
NASA, NSBRI,andNIH.)

• Initiatemoreprojectsin humansexploringthe reductionof muscleatrophyby resistive
exercise.

Objective IC. Develop countermeasures
• Complete current animal and human projects with collaborators outside of NSBRI

(Baldwin Project) and initiate new projects in humans defining and testing potential

preflight and inflight activity paradigms (such as different types of resistive exercise

training) that create an anabolic state in muscle, ameliorating atrophy processes. Expand
to involve the bed rest model and include nutritional interventions (antioxidants and

amino acid supplements, etc.) in collaboration with the Nutrition and Fitness Team (see

below under Integration Goal).
• Complete current projects that seek pharmacological interventions that can blunt the

processes of muscle protein degradation or other effects of muscle unloading (Antin,
Kandarian, and Goldberg projects.) Expand to involve co-examination of exercise and

pharmacological agents as joint countermeasures.
• Complete current study on the role of antioxidants as a nutritional countermeasure

strategy to muscle atrophy (Reid proiect). This project could evolve to include projects in
which amino acid supplements and antioxidants are used in combination with resistance

exercise studies involving the animal model of Baldwin's group.
• Initiate studies to determine whether artificial gravity can be a good alternative

countermeasure strategy for muscle degeneration.

Goal 2: Reduce risk _f loss _?/ motor control, movement pepJormance due to changes in neural

control

Obiective 2A. Assess risk and target level of acceptable risk

Objective 2B. Determine mechanisms
• Seek new funding initiatives and initiate studies that determine the relationship of muscle

tissue changes with actual movement performance and differentiate mechanisms
associated with neural control from muscle tissue effects that could change the ability of

the nervous system to accurately control movements and regulate the properties of muscle

strength.

Objective 2C. Develop countermeasures

Goal 3: Reduce risk of proneness to muscle in./u13'

Obiective 3A. Assess risk and target level of acceptable risk

Objective 3B. Determine mechanisms
• Complete study to determine unloading sensitive genes in animals and humans that target

inflammatory processes and signaling pathway molecules (Kandarian and Hamilton

projects).
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Objective 3C.

Complete study examining stress-strain in muscle during atrophy and recovery
(Sinha/Edgerton and Kushmerick project) and initiate new studies to amplify how

resistance loading and unloading affects stress-strain reactions in human subjects.

Seek new funding opportunities and initiate studies addressing the mechanism underlying
muscle weakness, fatigue, and the proneness of weakened muscle to injury (Kushmerick,

Chase, Wiseman, Reid, and Sinha/Edgerton/projects).

Develop countermeasures

Note. As discussed elsewhere in this document, while Goals 2 and 3 are important objectives of

the Muscle Team, they are currently not a high priority due to insufficient resources available to

cover these topics. As resources evolve, these goals will receive a greater priority.

Goal 4: Develop monitoring methods using biochemical�molecular markers to predict potential
anabolic and catabolic states in muscle

Obiective 4A. Identify key proteins
• Complete experiments to identify key molecular markers and cellular processes that

regulate protein balance in skeletal muscle via protein transcriptional/translational and

degradative pathways (Baldwin, Goldberg, Kandarian, Antin projects).

Objective 4B. Develop methods to observe key proteins

Goal 5: Develop rehabilitation methods (nutritional, pharmacological, and exercise- .spec![ic)

that are effective in treating loss of muscle mass, strength and endurance

Objective 5A. Identi_ effective rehabilitation methods
• Complete research on both animal models and humans using novel resistance loading

paradigms and prescriptions that utilize different contraction modes (isometric,

concentric, eccentric).
• Seek funding to initiate acute studies that characterize ground based adaptive responses to

intermittent bouts of hypergravity-induced stimuli via use of a human-powered centrifuge

facility at University of California Irvine.

Objective 5B. Develop and test specific rehabilitation prescriptions

Goal6: Develop Earth-based applications o/ exercise training paradigms to ameliorate

problems q/i/?ailO', injury, morbidio.', and mortality that are associated with the aging
process, degenerative muscle disorders and inactiviO,-related disorders.

Objective 6A. Identify partners for Earth-based applications
• Seek funding with other agencies that conduct research into medical concerns that

parallel the muscle deficits that occur in astronauts in response to prolonged exposure to

microgravity.
Objective 6B. Work with partners to make exercise paradigms available to needy Earth-based

populations

Goal 7: Integrate research and analysis
Objective 7A. Integrate research within the Muscle Alterations and Atrophy Team.

• Continue current integration efforts among the Muscle Team investigators as summarized

in Table 7.2.

Obiective 7B. Integrate research with other teams, using modeling as well as other approaches.

• Initiate in-depth studies, in conjunction with other NSBRI teams, of the effects of

artificial gravity on skeletal muscle structure and function and other affected systems in

microgravity. These studies will also make use of the unilateral limb suspension model.
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• Explore interactions with the Nutrition and Fitness Team concerning how the separate
and combined effects of nutritional modification and physical exercise impact muscle

homeostasis and protein balance in bed rest subjects.
• Work with NSBRI Bone Team to begin co-examination of effect of muscle degeneration

on other systems. Continue interactions with the Bone Team on countermeasures to both

bone and muscle wasting using bisphosphonates, nutrition, and loading paradigms on

spinally injured patients. Interact with the Bone Team on using spinally injured subjects

as models to study the restoration of wasted muscle through electrical stimulation of

muscles and the possible co-maintenance of bone mass. These studies could also explore
the combined interventions of bisphosponates and mechanical stress on muscle and bone

homeostasis.

• Continue modeling work towards the Core Integrated Human Function effort (Chase,

Kushmerick)

Objective 7C. Integrate research with investigators not formally associated with the NSBRI
• Continue interaction of Baldwin's group with scientists outside the NSBRI, such as Dr.

Suzanne Schneider at the University of New Mexico and Dr. Per Tesch at the Karolinska

Institute, who are directing research projects that seek resistance training countermeasures

to prevent muscle atrophy in human subjects in response to ground based models of

unloading

7.6 SUMMARY

In the next 3-5 year time span, the Muscle Team should be able to successfully implement both
its fundamental (mechanistic) and applied research programs that address the identified Risks
outlined in this Research Plan. As discussed in the plan, the primary goal initially will be to focus

on "reducing the risk of loss of muscle mass, strength and endurance". New insights will be

derived concerning the cellular and molecular mechanisms of the muscle atrophy process, as well

as, proposals of exercise paradigms that are mechanistic in terms of maintaining positive protein
balance in skeletal muscle. In addition, the team will evolve a strategy of identifying and

validating the ability of different exercise paradigms used in conjunction with nutritional and

pharmacological interventions to ameliorate the loss of muscle function (mass, strength and
endurance) that occurs in response to chronic states of unloading. Furthermore, Earth-based

benefits will be generated both in the prevention of and treatment of a variety of" inactivity- and

aging-related disorders that are associated with muscle dysfunction, as well as, other disorders

(e.g., type II diabetes) that are related to disuse and loss of"skeletal muscle integrity.

We also envision, through the development and testing of a human-powered gravity equivalent
countermeasure device, an overarching countermeasure paradigm that has the potential, when

used in combination with other countermeasures strategies, such as nutritional and

pharmacological therapies, to not only ameliorate muscle dysfunction, but to significantly
maintain the homeostasis of the skeletal (bone), vestibular, and cardiovascular systems. The

integrity of each of these other systems is also compromised by prolonged exposure to unloading
states. These strategic cross cutting interactions both within the Muscle Team and with other

investigative teams are illustrated in Figure 7.1 below and in the tables presented at the end of the

Muscle Team Plan.

Fig. 7.1: The Figure below illustrates the vision of the Muscle Team as to how the human-

powered centrifuge could serve an overarching training device. When used in combination with
other countermeasure strategies, this device could, in addition to ameliorating the identified risks
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of the skeletal muscle system, reduce deleterious alterations that impact the functional integrity

of vestibular, cardiovascular, and skeletal systems.

f Resistance Exercise ] Aerobic Exercise I

Nutritional/Pharma- oading

cological/Hormonal _,

Sensou'-Motor
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Table 7.1. Project Research Activities

Risk(s)
AddressedPl/Project

LOSSof mass,

strength and
endFurance

_NTIN'Calpains in Simulated
Microgravity-lnduced Atrophy

BALl)WIN 'Role Muscle

Loading on Nlechanisms of

Protein Translation and Impact

on Unloading-Induced

Chase/Cell and Molecular

Biomechanics: Cardiac and

Skeletal Muscle

GOLDBERG'Activation of

Protein Breakdown in Muscle

Upon Unloading and Possible
Countermeasures

HAMILTON 'Genomics of

Human Skeletal Muscle During
Bed Rest and Exercise

• Loss of mass,

strength and
endurance

• Muscle injury
Loss of mass,

strength and
endurance

I.oss of mass,

strength and
endurance

• Loss of mass,

strength and
endurance

• Muscle injury

Countermeasure

Target

Not Applicable

Resistance exercise

training

Integrative Modeling

(Integrated ttuman
Function Core.

"Digital th, man")

Pharmacological and

activity factors in

altering protein

degradative

processes
Resistance and

endurance exercise

training

Experimental

System

• Hindlirnb-

unweighted

transgenic mice
• Cultured L8

muscle cells

Hindlimb-

unweighted rat

• High vs. low-

activity rats;

computational
models;

• Hindlimb

st, spension
Different models of

muscle wasting

Bedrest and limb

unloading

Phase 1

Activities:

Focused

Mechanistic

Research

Understand muscle

protein degeneration

• Understand muscle

protein degeneration
• Determine slow-to-

fast phenotype shift
• Focused mechanistic

research: phenotype
biornechanics of

cells; model bio-
mechanics of cells

Understand the role of

atrogin-I in muscle

wasting

Identify the loading

responsive genes;
validate results using
bioinformatics and

comparative models

Phase 2 Activities:

Preliminary

Countermeasure

Development

Research

Test protective effects

of calpastatin in
transgenic mice.

Test activity paradigms
that create anabolic

state and reduce atrophy

Adapt phase 1 model of
animal cells to human

muscle cells

Pharmacologic
interventions in muscle

wasting

• "Vest activity

paradigms to prevent
metabolic and

atrophic changes.
• Use genomics to select

"nonresponders" to

unloading

Phase 3 Activities:

Mature

Countermeasure

Development

Research

Interact with external

researchers on
countermeasures with

human bed rest studies

Integrate cell
biomechanics model

into "digital human":

incorporate muscle
adaptation mechanism

Determine role of

inhibitors of muscle

wasting on atrophy

processes in response

to unloading st_.a.t_cs.....
• Screen subjects for

genetic selection of
resistance to

unloading.

• Integrate exercise,
nutritional and

pharmacological
measures.
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Table 7.1. Project Research Activities (continued)

Risk(s)
Addressed

l,oss of mass,

strength, and
endurance

Countermeasure

Target

Pharmacological

NF-kB pathway
e.g. aspirin,
curcum in

Pl/Project

KANDARIAN, Gene

Expression Profiling of
Unloaded Skeletal Muscle

KUSHMERICK/Integrating
human muscle energetics and
mechanics

REII)'Redox Modulalion of
Muscle Function in

Microgravity

SINHA'In-Vivo Stress-Strain

Dynamics in I iuman Muscle

• Loss of muscle

mass, strength
and endurance

• Muscle injury

Loss of mass,

strength and
endurance

• [.oss of mass,

strength and
endurance

• Muscle injury
and atrophy

Loss of mass,

strength and
endurance

WISEMAN/Ca* _ Homeostasis

and Muscle Phenotype: Role of

Cellular Energetics

• Exercise

• Monitoring and
diagnostic procedure

• Integrative

Modelin_ (Core)
Antioxidants.

nutritional

supplemenls

Exercise

(rehabilitative)

• Pharmacological
• Nutrition/Diet

Phase 1
Activities:

Focused
Mechanistic

Research

Experimental
System

ttindlimb unloaded
rats and mice

Human leg and
hand muscle

• Cultured

myocytes.
• Fxcised muscle.
• Itindlimb-

unloaded mice

• tlumans

MRI and muscle
flmction

• Isolated muscles
• Intact hindlimb

Transcriptional
markers of catabolic

state--(i.e., unloading

atrophy)

• Define normal limits

of energy balance
• Determine acceptable

level of metabolic

and energetic risk
Evaluate signaling
pathways that regulate
catabolism

Understanding
stress/strain properties
of muscle so can

reduce injury and

improve muscle

strength
• Understand role of

energetics and
altered activity on

calcium handling in
mitochondria and

sarcoplasm ic
reticulum

• Understand fast-
slow transition

phenot_'pe switching

Phase 2 Activities:

Preliminary
Countermeasure

Development
Research

Test if aspirin alleviates
atrophy (by inhibition of
NF-kB pathway)

• Individualize

physiologic and
energetic parameters

• Test efficacy of

exercise protocols
Test countermeasures

for muscle wasting,
weakness in unloaded
Ill ice

Phase 3 Activities:
Mature

Countermeasure

Development
Research

Examine gene
expression profiling on
tissue (other investiga-
tors) on which counter-
measure was done

Test countermeasure

for handgrip fatiguc in
humans

Examine atrophy

processes on
stress/strain properties

• Test therapeutics on
calcium handling

• Use model to test

phenotype switch

Better techniques to
evaluate muscle

proneness to injur) and
rehabilitative processes
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Table 7.2. Inteqration Activities

I

Iinternal

Communication

Integrated
Experiment
Development

Sample Sharing

ANTIN

• Reid
• Wiseman
• Hamilton
• Kandarian

• 1 ransgenic
animals/
Reid

BALDWIN

• Goldberg
and Sinha

• Shapiro
(Bone)

• t.upton
(Nutrition
&Fitness)

CHASE

• Kandarian,
• Wiseman,
• Kushmerick,

• Bers,
Coolihan,
McCulloch

(Cardio)
• Cabrera

(Nutrition)

GOLDBERG

• Baldwin,
• Sinha/

Edgerton
• Kandarian

HAMILTON

• Antin
• Sinha
• Baldwin

KANDARIAN

• Hamilton

• Goldberg
• Antin

KUSHMERICk

• Sinha
• Chase
• Cabrera in

Nutrition

• Bers,
Coolahan
McCulloch

(Cardio)

• 1 ransgenic
animals for

physiologic
al studies,'
Wiseman.
Reid

REID

• Antin
• Wiseman

• Goldberg

SINHA

• Baldwin,
• Hamilton,

• Goldberg

WISEMAN

• Antin
• Reid
• Chase
• Kushmericl,

• Spinal injury
(Bone)

• Resistance
exercise

protocols

(Nutrition)
• Muscle

biopsies/
Shapiro
(Bone)

• Muscle

samples /
Goldberg,
Kandarian,
Ilamilton

Cellular

energetics
(Wiseman)

• Model

Component
(Kushmerick)
• Hindlimb

suspension
projects
(Baldwin)

• Baldwin:'
Sinha/

Edgerton:
• Ilamiltom

Kandarian

• Baldxvin:
• Sinha'

Edgerton

• Kandarian

• Muscle

biopsies/
Sinha

• Muscle

samples/
Baldwin

• Other

ongoing
human
studies

• Reid

Samples from
Baldwin and
other Pls

performing
atrophy
counter-
nleasures

Exercise

protocols

nolle

• Jones

(JSC)
• Butel,

Conner

(Immune)

• Hindlimb

unloading
• Transgenic

mice

• Handgrip
fatigue

• Probes for

transgene

develop./
Antin

• Muscles
from

irradiated
mice/

Butel,
Conner,

Gridley

TBD

• Hamilton
• Baldwin

_o,Ti_Stl_
stimulated
hindlimb

• Hindlimb

suspended
animals

• Reid
• Antin

(Potentially
Kandarian)

i i ill i

105



National Space Biomedical Research Institute

MUSCLE ALTERATIONS AND ATROPHY PROGRAM

Table 7.2. Inteqration Activities (continued)

II M I

Synergistic
Studies of

Opportunity

Development
of Computer
Model of

Integrated
Human

ANTIN BALDWIN GOLDBERG HAMILTON

Planning of
human-

powered
centrifilge
(Bone,
Fitness,
Cardio,
Net, rovestib)
Resistance
exercise

training with
h u nl ans
/Schneider

and Tesh

(exlernal)
Bisphospho-
nares /

Shapiro
(Bone)

CHASE

N/A Combined

studies on
muscle

wasting via
hindlimb

suspension
and

pharmacologic
interventions

• Model of
the entire
human

genome
during
unloading

• Genomic
screens as
a test to

identify
novel gene
targets for
CMs

• Compare
CMs on
muscle

metabolism

and gene
expression

KANDARIAN KUSHMERICI_

• Compare
generality of
human and
animal

training
results

• Test"energy

phenotype" _
with adapativl
responses to
exercise

• Integrate
blood flow,
mechanics
and

energetics
with training

REID

• Muscle

response to
gamma
irradiation/

Butel, Conner,
Gridley

• Muscle-

specific,
inducible

transgenic
mice/Antin

Wiseman

• Unloading
effects on
calcium

regulation
and
metabolism
/ Wiseman

Pprotease
inhibitors
&muscle

atrophy
responses
(Radiation)

l.upton
(Nutrition)

FBD Muscle Cell
and Molecular

Biomechanics

for Integrated
Human
Function Core

• CM model:

Compare
rat and
human

responses
to similar
CMs&

unloading
Input data
from the
entire human

genome for
muscle and
other tissues

• Beta testing
of NASA
device for

handgrip
evaluation
on ISS /

Jones (JSC)

Integration of
muscle

modeling
effort with
cardiovascular
and nutrition

SINHA

• Baldwin,

Project
• Hamilton

project

TBD

WISEMAN

• NASA
funded

bone group
at MSU ,

developing'
model of
mechani-

cally alterec
limbs

(unloaded l
and loaded!

• Cell "

signaling
group at
MSU is
collabora-
tion on
calcium

measure-

ments in ii
,11t, scle

Function
J
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Table 7.3.
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Achieving Goal 1" Reduce Risk of Loss of Muscle Mass, Strength and Endurance

Countermeasure Development Phases

=raBBi

Phase 0: Observational & Phenomenological Research 1

Phase 1: Focused Mechanistic Research

• Understand muscle protein degradation
• Deterrnine slow-to-fast phenotype shift
• Discern role of reactive oxygen species

• Define loading-sensitive muscle _enes
• Deten'nine how resistive exercise reduces atrophy of human muscle

• Determine effects of artificial gravity on muscle

• Idemifv acce table tar el levels of risks in humans

Phase 2: Prelimina_' Countermeasure Development Research

• Test activity paradigms that create anabolic state and reduce atrophy in
animals and humans

• Test pharmacological interventions for muscle degradation and other muscle
unloading effects

• Study role of antioxidants as nutritional counterrneasure strategic
• Determine whether artificial gravity is a feasible countermeasure to muscle

atro h in humans _.,,_,._. _

Phase 3: Mature Countermeasure Development Research
illllllllllll_ Illlllllll llllL_l =_mlm_

• Develop integrated exercise, nutritional, and pharmacological
countermeasure and test in humans

• Determine whether artificial gravity, in conjunction with the exercise,
nutritional, and pharmacological countermeasure above, fimher reduces
muscle afro in humans

4: Countermeasure Evaluation & Validation

• Testing of integrated exercise, nutritional, pharmacological countermeasure
with artificial

Phase 5: Operational Implementation of Countermeasure Strategy

Pre 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

2001

_ IIIIIIll i _i RIllllll / /

l ....

Im m /
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8.0 NEUROBEHAVIORAL & PSYCHOSOCIAL FACTORS

Team Leader: David F. Dinges, Ph.D.
Professor of Psychology in Psychiatry

Director, Unit for Experimental Psychiatry

Department of Psychiatry
University of Pennsylvania School of Medicine
423 Guardian Drive

1013 Blockley Hall

Philadelphia, PA 19104-6021
215-898-9949

215-573-6410 FAX

dinges@mail.med.upenn.edu

8.1 INTRODUCTION

The success of future International Space Station (ISS) and other low-Earth-orbit missions will

depend on prevention, identification and mitigation of neurobehavioral and psychosocial risks to
crew health, safety and productivity. Astronauts aboard ISS will continue to endure behavioral

challenges for longer periods of time than have been experienced thus far in microgravity.
Stressors and risk factors include confinement with a small group of people for up to 8 months:

isolation from family and friends; complex communications with Earth including two mission

control centers; lack of privacy due to habitability constraints: and cognitive and emotional

challenges associated with workload, timeline demands, emergencies, and sustained high level

performance. There are also risks to group and individual functioning posed by changes in the

structure, organization, and nature of such missions if 30-day shuttle missions are used to

augment the science capabilities on ISS. Physical illness, interpersonal strife, equipment failure,
and the behavioral challenges posed by maintaining countermeasures for other risks (e.g.. daily

exercise routines) will at times pose risks to group and individual behavioral effectiveness as

missions become longer and the ISS structure ages. Differences in language, culture, gender, and

work role will also present challenges to crew communication and effectiveness. Without

mitigation, these behavioral stressors individually and collectively have the potential to erode

cognitive performance; change neuroendocrine, cardiovascular, and immune responses: disrupt

appetite, sleep, and other basic regulatory physiology: lead to neuropsychiatric impairment

through anxiety and depression; and potentiate serious interpersonal problems among
crewmembers and with Earth-based mission support personnel. The Neurobehavioral and

Psychosocial Factors area is concerned with the development of novel ways to monitor
individual astronaut neurobehavioral functions, as well as group behaviors, and to provide

preventive and operational countermeasures to ensure that astronaut behavioral health is
maintained during prolonged missions: that the performance of individual astronauts and the

flight team are facilitated; and that crew motivation and quality of life are effectively optimized.

8.2 RISKS

The following risks in the ttuman Behavior and Performance Discipline of the Critical Path

Roadmap have been identified (risk number in parentheses):
• ttuman Performance Failure Because of Poor Psychosocial Adaptation (18)

• Human Performance Failure Because of Neurobehavioral Dysfunction (21)



TheCritical PathRoadmapalsolists thefollowing two additionalrisksunderHumanBehavior
andPerformance,butneitherof theseis encompassedby theNSBRI's Neurobehavioraland
PsychosocialFactorsTeam.

• HumanPerformanceFailureBecauseof SleepandCircadianRhythmProblems(19)
is subsumedundertheHumanPerformanceFactors,SleepandChronobiologyareaof
theNSBRI.

• HumanPerformanceFailureBecauseOf HumanSystemInterfaceProblemsand
IneffectiveHabitat,EquipmentDesign,or Inflight InformationandTrainingSystems
(20) isnot currentlyrepresentedin theNSBRI areas,but it is afocusof laboratoriesat
NASA JohnsonSpaceCenterandNASA AmesResearchCenter.

8.3 GOALS

The Neurobehavioral and Psychosocial Factors Team has the following goals for its program:

Risk-Based Goals

Goal 1: Reduce the risk of human per/brmance failure because o/poor psychosocial

adaptation.

Goal2: Reduce risk of human per/brmance Jailure because _71' neurobehavioral

dysfunction

Non Risk-Based Goals

Goal 3: Develop objective, unobtrusive methods and approaches to monitor stress,
neurobehavioral (cognitive, emotional, social)Junctions and performance

capability during missions

Goal 4: Develop ways to e[[ectively use communication modalities and contingencies in

order to optimally./acilitate team per/ormance and prohlem solvin_

Goal 5: Develop Earth-based applications q/teclmologies /i_r unobtrusively monitoring

stress, neurobehavioral ./unctions and pelJi_rmance to help in early oh/ective
detection and intervention jbr cognitive and emotional impairments associated

with stres.sJhl l![e events and compromised behavioral health

Goal 6: Develop Earth-based applications q/ communication modalities and

contingencies that prevent errors and misunderstandiny(s, and improve grolq_

performance and cohesion in demandin£ environments and sa/eO,-sensitive
activities.

Goal 7: Integrate research and analysis

8.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Neurobehavioral and Psychosocial Factors ]cam was formed in 2000. and funded in 2001.

following peer-review of applications for research to mitigate risks to both individual behavioral
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health (i.e., neurobehavioral functions) and group processes (i.e., psychosocial functions) during

space flight. Although each of these areas is relatively broad, they do not encompass all of the

risks posed to human behavior and performance. As described above, the Critical Path Roadmap
lists two additional risks under Human Behavior and Performance, neither of which is addressed

by the Neurobehavioral and Psychosocial Factors Team. These include risks to performance

posed by circadian disruption and sleep deprivation on orbit, which are being addressed by the
Human Performance Factors, Sleep and Chronobiology Team, and risks to individual and group

behavioral functioning posed by limitations due to human-system interface and equipment

design, which are not currently being addressed by the NSBRI, but which are a focus at
laboratories at NASA JSC and ARC.

As currently configured, the Neurobehavioral and Psychosocial Factors Team is primarily

focused on reducing the risks of human performance failure due to poor psychosocial adaptation

(Goal 1) or neurobehavioral dysfunction (Goal 2). Specifically, the Team seeks to counter the

development of psychosocial risks (Goal 1) manifested through inadequate leadership;

interpersonal strife or social alienation (e.g., due to gender, culture or status differences); poor

group teamwork; lack of crew coordination in problem solving; ineffective communications
within the team or with ground controllers; and loss of crew morale. In a parallel manner, other

projects on the Team seek to counter risks to neurobehavioral health (Goal 2) manifested through
stress reactions; anxiety; depression: loneliness: anger; and neurocognitive impairments. Unlike
some areas of NSBRI research, where there is a single source for the biomedical problem (e.g.,

microgravity effects on muscle or bone), there are a considerable number of factors in prolonged

space flight that could create or contribute to neurobehavioral and psychosocial dysfunctions

(e.g., excessively scheduled activities and work requirements, poor physiological adaptation to
microgravity; interpersonal strife; perceived risks to health: loneliness for family: inadequate
communication with Earth; habitability constraints: radiation). Consequently, the

countermeasures being developed through the research by the Neurobehavioral and Psychosocial

Factors Team necessarily must cover an array of issues and approaches. The following are the

various categories of countermeasures likely to be developed as a result of the research on this

team:

(!)
(2)
(3)

(4)

(5)
(6)

(7)

(8)

(9)

(10)
(11)

Selection criteria for optimal crew cohesion, including culture and gender diversity

Training for group living: training for flight and ground crew optimal relations

Guidelines to optimize communication for crew decisions and problem solving
Technologies for monitoring and earl,,' diagnosis of cognitive problems, emotional

disturbances, and psychosocial dysfunction
Behavioral treatments for stress; affective disorders: and for resolving team conflicts

Pharmacological treatments for stress: affective disorders and serious neuropsychiatric

and neurological reactions
Habitability strategies for privacy: and work strategies for motivation and performance

Support for relaxation and leisure activity for enhancing quality of life

Support for assimilating cr_ws psychosocially and neurobehaviorally after return
Novel countermeasure opportunities identified by NASA and through new scientific eflbrts

Development of a database on the neurobehavioral and psychosocial effects of
countermeasures for other biomedical problems in space flight

Ideally. the risks to individual and group behavioral health created by spaceflight are best dealt
with through prevention (e.g.. a well-integrated crew with optimal pre-flight training and
coordination in effective communication, problem-solving, etc.). Therefore one of the focuses of

the projects on the Team is to reduce psychosocial risks (Goal 1) by identi_,ing the psychological
and behavioral features of individuals and small groups that result in optimal behavioral
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effectivenessunderground-based(analog)conditionscomparableto spaceflight. This approach
is takenin theAntarcticprojectdirectedby JoAnnaWood.Otherprojectsdirectedby JoeBrady,
Judith Orasanu,and JamesCaner seekto determineways to preventor resolvepsychosocial
miscommunicationwithin teamsandbetweenspace-boundteamsandgroundcontrollers.

While prophylaxisagainstthe developmentof neurobehavioralandpsychosocialdysfunctionsis
ideal, there is no way to guaranteethat preventativestrategiesalonewill suffice. The Team
thereforealsohasa strongfocusonearly detectionandresolutionof neurobehavioralproblems
andpsychosocialdysfunction.Especiallycritical is the needfor reliable,objectivemeasuresof
neurocognitiveand emotional statesand stress reactions.The projects directed by Phillip
Lieberman,DavidDinges,and StephenKosslyndealdirectly with obtainingthesemeasures,thus
moving towardsachievementof non risk-basedGoal 3. The emergenceof thought and mood
disordersduring spaceflight posesvery seriousrisks not only for the individual's behavioral
capabilitybut alsofor theteam'sperformance.Both neurobehavioralandpsychosocialproblems
haveoccurredin long-durationspaceflight--with the lattercommonenoughto haveresultedin
its rating as among the most serious risks (i.e., Type I) in the Critical Path Roadmap;
consequently,thereremainsanacuteneedto establishreliable,objective,unobtrusivemethods
for confirmationof stablecognitive and emotionalfunctioningduring prolongedhumanspace
flight. Without such information available to an astronaut,it will be difficult to ensurethat
appropriateneurobehavioralcountermeasures(e.g., behavioraland pharmacological)will be
deployedin a mannerthat maintainsbehavioralhealth.Theremustberedundantwaysto ensure
that neurological, neuropsychiatric,or neurocognitive impairments that develop on orbit
(regardlessof the cause)arequickly identified and treatedbeforethey result in a lossof high
levelperformancecapacityin acrewmember.

TheTeamalsohasanothermajor nonrisk-basedgoal of finding optimal waysfor crewsto use
communicationmodalitiesandtechniquesto maintaineffectivegroupfunctioningwithin a flight
crewandbetweenthe crewandgroundcontrollers,family, andmanagement(Goal4). Effective
communicationcanhelp maintainteamperformancein thefaceof adversity,andit is oneof the
best preventativeand operational countermeasuresfor ensuring strong group psychosocial
cohesionand performance.Like the developmentof novel objective,unobtrusivemethodsand
approachesto monitorstressreactions,cognitivestate,moodandperformancein individualcrew
members(Goal3), the establishmentof maximally effectivecommunicationtechniquestbr all
typesof contingenciesin spaceflight (Goal4) will havesignificantrelevanceto a hostof Earth-
basedproblems(non-riskGoals5 and6, respectively).

Theproblemsaddressedin theNeurobehavioralandPsychosocialFactorsresearchareagenerally
focus on developing countermeasuresfor severe stress reactions, depression, cognitive
dysfunction, and conflict resolution during long-duration spacetravel. The initial strategic
researchagendafor theTeaminvolveseight ground-basedstudiesandtwo asyet unfundedflight
experiments(in feasibility phaseat JSC)that collectivel_addressfour thematicallyinterrelated
questions:Whataretheeffectsof culture,personality,andleadershiponperformance,stress,and
health in isolated groups? What are the major influences on interpersonal actions.
communications,andproblemsolving in small groups?How canaffective,neurobehavioraland
neurocognitivedysfunctionbe objectively detectedin remotelocations?What neurobiological
processesof stressand arousalare the optimal targets for behavioraland pharmacological
interventions?Six inter-relatedthemesdefine the rangeof factorscritical for improving crew
health and safety and for optimizing performancecapability: (1) Biological mechanismsof
neurobehavioraldysfunction:(2) Motivation. cognition andperformance:(3) Individual factors
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in selection, training, performance; (4) Pharmacology in space; (5) Team and interpersonal

optimization; and (6) Organizational, cultural and management factors.

The current Team projects are briefly described below and Table 8.1 summarizes the risks,

countermeasure targets, experimental system, and countermeasure development phases for each

project. The projects are equally divided between psychosociai risks (projects directed by Wood,

Brady, Orasanu, Carter) and neurobehavioral risks (projects directed by Dinges, Lieberman,

Kosslyn, Aston-Jones). The final two projects (Brunner, Kanas) are proposed flight experiments
in feasibility assessment at JSC, and as such, they are not yet funded. The Brunner project deals
with a neurobehavioral countermeasure question, while the Kanas project deals with a

psychosocial countermeasure question.

Wood et al.: Individuals and Cultures in Social Isolation

This psychosocial project seeks to increase understanding of the effects of personality, culture,

and group characteristics on both individual and group performance in an extreme environment

(Antarctica) that parallels many of the conditions likely to occur in long-duration space missions.

Identifying those elements of leadership that maximize crew functioning in extreme

environments and increasing our understanding of how individual and group factors affect

physical and psychological health under prolonged group isolation in Antarctica can be used in

identification and design of optimal flight crew configurations as a preventative countermeasure.

Orasanu et al: Distributed Team Decision Making in Exploration Missions

This psychosocial project examines how team structure and communication medium affect the

nature and quality of small team interaction, distributed decision making strategies, and problem

solving under a variety of stressful conditions (i.e., time pressure, risk level, information

accuracy/completeness). It assesses autonomic nervous system markers and the Specific Affect

Coding System technology for detecting when crew interactions and decision-making are

degrading_ Countermeasure targets include identit}'ing ways to optimize crew' problem solving

perIbrmance during demanding and non-demanding periods.

Brady et al.: Psvchosocial Performance Factors in Space D_velling Groups
This psychosocial project seeks to determine eft'cots of variations in the structure and function of
communication channels within and between simulated space-dwelling and Earth-based groups. It

addresses the effects on psychosocial performance effectiveness of (1) stressful environmental and

behavioral interactions: (2) variations in the appetitive and aversive characteristics of incentive

control systems: and (3) selection, training and experience. Countermeasure targets include

personality characteristics to optimize crew communication and performance and identifying ways

to reinforce the appropriate use of communication strategies for optimal problem solving.

Carter et al.: Designing a Smart Medical System for Psvchosocial Support

This project seeks to develop a prototypical smart medical system for neurobehavioral and

psychosocial support. The computer-based system will address neurobehavioral issues, including
the assessment of affect and suggested interventions, and provide a training module on

interpersonal conflict resolution. The system will be developed and evaluated with experienced

users and content experts. Countermeasure targets include using the system to help detect (via

standardized questions) behavioral dysfunction in individual astronauts and among flight crews

and having the computer-based system offer suggestions to crews for remediating problems and
conflicts.

Dinges et al.: Optical Computer Recognition of Behavioral Stress

112



This neurobehavioralproject seeksto determinewhether a state of the art optical computer
recognition algorithm based on facial expressioncan be developed that will objectively
discriminate when subjectsare undergoingbehavioral stressorsand negativeaffect. It also
evaluates the effects of different behavioral stressors on physiological responses,on
psychologicalresponses,and on performanceresponses,and exploresthe magnitudeof stress
responsesrelativeto the accuracyof an optically basedcomputerrecognitionalgorithmof the
face.Countermeasuretargetsincludeusingthe systemto objectively detectsignificantnegative
affectandemotionaldysfunctionin astronautswhenverbal and self-reportcommunicationsare
not possible or not reliable in order to recommend behavioral and pharmacological
countermeasuresfor affectivedisorders.

Kosslyn et al.: Quick Assessment of Basic Cognitive Function
This neurobehavioral project seeks to develop a set of brief performance tasks that will be

computerized versions of 11 standard tasks from cognitive psychology, which tap the range of

basic cognitive abilities. The performance tasks being developed will be very short versions or
variants of tasks that will capture the processing differences indicated by scores on the standard

tasks and be designed to be self-administered. Countermeasure targets include using the brief

tests to objectively detect cognitive performance deficits in individual astronauts, to alert
crewmembers to diminished behavioral capacity and the need for rest or other interventions.

Lieberman et al.: Speech Monitoring_ Cognitive and Personality Alterations

This neurobehavioral project seeks to develop a system that will detect cognitive deficits,

changes in personality and emotional disturbances by means of acoustic measures of speech. The

project utilizes data from studies of speech and behavior of individuals in a space analog (Mr.
Everest climbers) as well as patients suffering neurodegenerative diseases (Parkinson's) to

develop and verify techniques for analysis of conversational speech for detection of cognitive
changes. Countermeasure targets include using the system to objectively detect significant

personality changes and emotional dysfunction in astronauts when optical recognition and self-

report communications are not possible or not reliable in order to recommend behavioral and

pharmacological countermeasures tbr the personality disturbances.

Aston-Jones et al.: Stress_ Performance and Locus Coeruleus

This neurobehavioral project seeks to analyze rodent locus coeruleus (LC) activity during a

continuous performance task, to determine the effects of acute and repeated stress on changes in

LC function and performance, and to identify pharmacological countermeasures to mitigate stress

effects on LC activity and attentional function.

Proposed Flight Experiment--Brunner et al.: Effect of Spaceflight on Pharmacokinetics of

Psychotherapeutic Agents. This neurobehavioral project seeks to determine the effects of space

flight on the pharmacokinetics, pharmacodynamics and the underlying physiologic processes

(gastric motility and drug absorption) of the anti-anxiety drug. iorazepam (Ativan®). and the

anti-depressant drug. venlafaxine (Effexor®). Countermeasure targets include studying both oral
and intravenous use of both drugs to determine ways to maximize their effectiveness for affectivc

disorders and stress reactions that may' develop in prolonged space flight, while minimizing their

toxicity.

Proposed Flight Experiment--Kanas et al.: Psychosocial Education (PSE} Training for
ISS Missions. This psychosocial pr_ect seeks to evaluate the effectiveness in five International

Space Station (ISS) crews and their support personnel of a 5-hour. pre-launch Psychosocial
Education (PSE) training program designed to reduce tension and displacement of dysphoria to
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outside personnel and to increase cohesion, leader support, expressiveness and personal growth.
Countermeasure targets include determining whether the PSE training program can reduce

hostility among astronauts and between astronauts and mission ground support personnel while

increasing group satisfaction and behavioral effectiveness.

It has been approximately 18 months since the formation and funding of the Neurobehavioral and

Psychosocial Factors Team. The 1-2 hour monthly telecons involving all 10 project Principal

Investigators, some co-investigators, and Dr. AI Holland (Chief Psychologist from JSC) have

already resulted in excellent integration across the broad scope of the projects and a number of

planned collaborations. Table 8.2 shows progress at integration efforts for the team to date (Goal

7).

The research goals of the team have excellent relevance to Earth-based applications (Goals 5 and

6). Neurobehavioral and psychosocial dysfunctions characterize a wide range of human
conditions, from mood disorders to neurological conditions, to cultural biases and hostilities.

Progress in developing techniques and methods for improving objective detection of stress

reactions in space flight should be of value in the many contexts on Earth in which there is a need
to know how much distress a person is experiencing in order to know when to intervene and with

what modality (e.g., evaluation of victims, emergency workers, military personnel, etc.; Goal 5).

Similarly, finding ways to enhance effective communication and group problem solving could

help in a wide range of contexts in which high level performance and problem solving are
essential (e.g., emergency management, power plants, transportation systems, etc.: Goal 6).

Finding ways to reduce neurobehavioral and psychosocial risks could also be of value to those

treating patients who have cognitive and emotional impairments associated with neuropsychiatric

and neurological disorders.

Although the Neurobehavioral and Psychosocial Factors Team-does address a range of Critical

Path questions that must be answered in order to maintain astronaut behavioral health and group
effectiveness in long-duration flights, significant gaps in the program do remain due to current

funding limitations. The External Advisory Council (EAC) of the NSBRI rated the current

research program of the Neurobehavioral and Psychosocial Team as "'very good" in its initial

evaluation in September 2000 but expressed concerns regarding the potential limitations of some

of the empirical approaches and recommended additional funding be set aside to solicit proposals
in those areas identified as gaps in the current team. These views were expressed again in the

February 2001 review by the EAC. in which it concluded that although the Team has "great
potential," it was also "very diverse." and that "'there exists a level of complexity that could

easily require orders of magnitude additional funding to accomplish their goals." At that time the
EAC went on to state--consistent with the Critical Path Roadmap ranking of risk severity--"the

problems addressed by this team are among the most important for long term space travel--

attempting to develop countermeasures for severe stress reactions, depression, cognitive

dysfunction, and conflict resolution," and that the team could "'benefit from support for new
methodologies and technologies (e.g.. functional magnetic resonance imaging [fMRI], mass

resonance spectroscopy [MRS], novel tests of cognitive function, and virtual reality)."

Accordingly. if the team gaps are to be closed, in addition to continuing to support the current

research projects, the NSBRI needs to support research that addresses the following tbur

questions in the next five years.

What behaviors, experiences, intellectual capacities, performance capabilities, personality

traits, demographic, interpersonal and leadership styles of crewmembers, as well as
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gender, age and ethnicity combinations, can be identified during the selection process and
be used to select and assemble the best teams for long duration missions?

o How can novel neuroscience technologies (e.g., neuroimaging via fMRI, MRS,

positron emission tomography [PET], near-infrared [NIR] optical imaging; and
transcranial magnetic stimulation [TMS]) be used to develop countermeasures for the

psychosocial and neurobehavioral effects of prolonged space flight?

.
How can novel behavioral methodologies (e.g., virtual reality; prolonged behavioral

monitoring and experimental manipulation of small group microsocieties in isolation
and in tandem) be used to develop countermeasures for the psychosocial and

neurobehavioral effects of prolonged space flight?

. What are the effects on neurobehavioral health and psychosocial functioning of the

countermeasures devised for other vital physiological systems (e.g., diet, exercise,

light exposure for circadian entrainment, and pharmacotherapies used as
countermeasures for the effects of radiation, cardiovascular, neurovestibular, bone

loss, etc.)?

Tables 8.3a and 8.3b provide projected timelines for achieving Risk Goals 1 and 2, and Non-Risk

Goals 3 and 4. They also presume that in the near future, new projects that address the four

critical gap questions described in the preceding paragraph will be supported. Table 8.3a deals
with countermeasure development to reduce the serious risks posed by poor psychosocial

adaptation in space flight, and Table 8.3b deals with countermeasure development to reduce the

risks posed by neurobehavioral dysfunction in prolonged space flight.

8.5 OBJECTIVES AND STRATEGIC ACTIVITIES

The objectives underlying each goal are presented below, along with strategic activities that will
be used to achieve the goals and objectives.

Goal I : Reduce the risk of human performance [ailure because _f poor p._3'chosocial adaptation.

Objective 1A. Assess risk and target level of acceptable risk
• Determining the full range of psychosocial stressors in space flight continues to

be a priority in order to mitigate these stressors. Various team members (Wood,

Brady, Kanas, Carter, Buckey, Dinges) have been acquiring information from

published reports, JSC personnel, and former and current astronauts on the

sources of psychosocial stress.

Objective 1B. Determine mechanisms
• Complete projects that seek to identify, predictors of vulnerability to poor

psychosocial adaptation environments (Wood. Brady, Orasanu, and Carter

projects).
• Complete projects that seek to determine the effects of contingencies on use of

communication channels (Brady and Orasanu projects).

• Complete work on establishing astronaut-guided content for a prototypical

computerized self-diagnostic system for conflict management (Carter and

Buckey project).
• Complete project that seeks to identif}' interrelationships among social context,

cultures, and health in an analog environment (Wood project in Antarctica).
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• Complete projects that seek to identify selection criteria for optimizing effective

leadership and group cohesion (Wood project).

Obiective I C. Develop countermeasures
• Complete projects that establish effects of training, incentives and experience on

communication (Brady and Orasanu projects).Complete project on prototypical

computerized self-help system for psychosocial support (e.g., simulated
encounters with "virtual crew members") and assessment (adaptation of an

existing self-guided psychiatric assessment) (Carter and Buckey

project).Complete projects on effects of stressors, gender and cultural
differences on problem solving (Orasanu, Wood, and Brady projects).

• Complete projects seeking to develop training to prevent poor psychosocial

adaptation (Brady, and Orasanu projects).
• Complete projects seeking to develop a hierarchy of ways to maximize group

communication, decision making and problem solving (Orasanu and Brady

projects).
• Complete projects that seek to develop insights into factors relevant to training

for living well in confinement, away from family (Wood and Kanas projects).

• Complete the development of technologies for early detection of psychosocial

dysfunction (Wood, Orasanu, and Brad) project).Complete projects that seek to
identify optimal interventions for preventing and resolving interpersonal

conflicts (Carter and Kanas projects).

• Complete projects that seek to identi_ techniques to maintain effective flight

and ground crew relations (Brady, Orasanu and Kanas projects).

• Continue and expand projects that measure behaviors, experiences, intellectual
capacities, performance capabilities, personality traits, demographic,

interpersonal and leadership styles of crewmembers, as well as gender, age and

ethnicity combinations, that could be used in identification during the selection

process to select and assemble the best teams for long duration missions.
• Initiate studies of novel behavioral methodologies (e.g.. virtual reality:

prolonged behavioral monitoring and experimental manipulation of small group
microsocieties in isolation and in tandem) to develop nero' countermeasures for

the psychosocial effects of prolonged space flight.

• Initiate projects that seek to develop strategies tbr privacy, relaxation, novelty,
leisure, and re-acclimation.

• Initiate projects that seek to identify effects on psychosocial functions of novel
countermeasures for other risks (e.g., muscle, bone. radiation, neurovestibular,

sleep and chronobiology). (This initiative will depend upon the rate at which
new and effective countermeasures come on line from other areas. The goal here

is to ensure they do not have adverse effects on communication and other

interpersonal functions.)

Goal 2: Reduce risk o[human pepJormance /aihtre because o/ neurohehavioral dy._function

Objective 2A. Assess risk and target level of acceptable risk

• Determining the full range of neurobehavioral stressors in space flight continues

to be a priority in order to mitigate these stressors. Various team members
(Wood, Brad)', Kanas, Carter, Buckey, I)inges) have been acquiring intbrmation

from published reports, JSC personnel, and former and current astronauts on the
sources of neurobehavioral stress.

Objective 2B. Determine mechanisms
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Obiective

• Complete the project that seeks to determine the effects of stress and attentional

performance demands on the locus coeruleus to identify novel pharmacological

approaches to maintaining performance in the face of high stress (Aston-Jones

project).
• Complete projects that seek to identify predictors of vulnerability to cognitive

and/or affective dysfunction under stress in analog environments (Wood and

Lieberman projects).
• Complete the project on prototypical computerized self-help system for

assessment of depression (adaptation of an existing self-guided psychiatric

assessment) (Carter and Buckey project).

• Complete the project that seeks to determine if facial expressions reveal

physiological stress under performance demands (Dinges project).

• Complete the project that seeks to determine the validity of brief versions of

cognitive tests (Kosslyn project).
• Complete the project that seeks to determine if voice-onset time measures

cognitive functions (Lieberman project).
• Complete projects that seek to develop technologies that objectively and reliably

monitor affective responses (Dinges, Carter, Lieberman and Orasanu projects).

• Complete projects that seek to develop technologies that objectively and reliably

monitor neurocognitive responses (Lieberman, Kosslyn, and Dinges projects).

• Initiate and complete the project that seeks to determine pharmacokinetics in

space flight (Brunner project).
• Complete projects that seek to identify promising pharmacological

countermeasures for stress and mood reactions in space flight (Aston-Jones and

Brunner projects).

2C. Develop countermeasures
Complete project on prototypical computerized self-help system for assessment

of depression and recommended intervention (adaptation of an existing self-

guided psychiatric assessment) (Carter and Buckey project).Complete project on
development and test of accuracy of optical computer recognition of facial

expression of stress (Dinges proiect).Complete project on establishment of
norms and sensitivity of brief cognitive tasks to neurocognitive abilities

(Kosslyn project).Complete project oil determining whether analysis of common

speech can detect cognitive and personality changes in hypoxia climbers on
Everest (Lieberman project).

• Initiate project on pharmacological approaches to adverse neurobehavioral

reactions (mood, cognition) in space flight.

• Initiate project on behavioral approaches to adverse neurobehavioral reactions

(mood, cognition) in space flight.

• Initiate projects to identify adverse CNS / ANS effects from radiation and
countermeasures from other areas. (This initiative will depend upon the rate at

which new and effective countermeasures come on line from other areas. The

goal here is to ensure they do not have adverse effects on cognitive and affective
functions. An animal project is underway on the Radiation team (Vasquez

project) to evaluate the neurobiological and neurobehavioral effects of simulated

space radiation. Ultimately, sensitive neurobehavioral tests will be needed on
astronauts if adverse effects are found in rodent models.)

• Initiate projects using novel neuroscience technologies (e.g., neuroimaging via
fMRI, MRS, PET. NIR: transcranial magnetic stimulation) to develop
countermeasures lbr the neurobehavioral effects of prolonged space flight.
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Goal3: Develop objective, unobtrusive methods and approaches to monitor stress,
neurobehavioral (cognitive, emotional, social)functions and performance capability

during missions.
Objective 3A. Develop monitoring methods

• Complete projects that seek to determine if objective, unobtrusive measures of

facial expressions and speech analysis can detect cognitive, dysfunction and

physiological distress during work demands (Dinges and Lieberman projects).
• Complete projects that seek to determine the validity of brief versions of

cognitive tests to detect changes in performance capability (Kosslyn project).

• Complete projects that seek to determine whether technologies can be

developed for objective detection of psychosocial dysfunction (Wood, Orasanu,

and Brady projects).

Objective 3B. Establish best approaches to interpret monitored data
• Initiate projects that study how to best use reliable objective measures of

cognitive, affective and psychosocial function/dysfunction to deliver maximally
effective countermeasures.

Goal 4: Develop ways to e(fectively use communication modalities and contingencies in order

to optimally Jacilitate team perh_rmance and problem solving.

Obiective 4A. Enhance effective use of communication systems
• Complete projects that seek to determine the effects of contingencies, stress,

modality options and time pressure on effectiveness of communications in

problem solving and group performance (Brady and Orasanu projects).

Objective 4B. Establish best approaches to use of communication systems
• Initiate projects that study how to best use communication systems to deal with

different levels of performance stressors.

Goal 5: Develop Earth-based applications _?ltechnologies._n" unobtrusively monitoring stress,
neurobehavioral functions and pel?hn'mance to help in early objective detection and

intervention .for cognitive and emotional impairments associated with stres.y/ul li/_"

events and compromised behavioral health

Objective 5A. Encourage transition of technologies to Earth-based needs.
• Identi_ applications for monitoring behavioral states in space flight to Earth-

based needs. Because neurobehavioral and psychosocial problems are common

on Earth (unlike microgravity, which only occurs off planet), the Earth-based

applications of technologies for unobtrusively monitoring stress,
neurobehavioral functions and performance have considerable potential to help

in early objective detection and intervention for cognitive and emotional

impairments associated with stressful life events and compromised behavioral
health.

• Identification of partners for Earth-based applications of objective technology

for cognitive and emotional functions will be undertaken by seeking funding

through other interested Federal (e.g.. NIlt) and private agencies that sponsor
research on neuropsychiatric and neurological disorders.

Goal 6: Develop Earth-based applications ¢_[communication modalities and contingencies that

prevent errors and misunderstandings aml improve L,rozq_ pel:lormance and cohesion in

demanding environments and salety-sensitive activities.
Obiective 6A. Encourage transition of communication systems to Earth-based needs.
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Finding waysto enhanceeffectivecommunicationand group problemsolving
could help in a wide range of Earth-basedcontexts in which high level
performanceand problemsolving are essential(e.g., emergencymanagement,
powerplants,transportationsystems,largescaleconstruction,etc.).
Identification of partners for Earth-basedapplications of communication
technologyandsystemsfor effectiveteamperformancewill be undertakenby
seeking funding through other interestedFederal (e.g., DOD) and private
agenciesthat sponsorresearchon waysto maintaininggroup functioning in a
complexandstressfulenvironment.

Goal 7: Integrate research and analysis
Objective 7A. Integrate research within the Neurobehavioral and Psychosocial Factors
Team.

• Continue current integration efforts among team PIs, co-investigators and key

personnel at JSC as summarized in Table 8.2.

Objective 7B. Integrate research with other teams.
• Continue to build collaborative between the Team projects and projects on other

teams, especially' other teams with a focus on central nervous system (CNS)

functions (e.g., Neurovestibular Team: Radiation Team)
• Coordinate with Human Performance Factors, Sleep and Chronobiology'

(HPFSC) Team regarding the effects of sleep loss, circadian displacement, and
countermeasures for these factors on cognition, mood and social interaction.

• Coordinate with the Neurovestibular Adaptation Team regarding the effects of

space motion sickness and countermeasures for it on cognition, mood and social
interaction.

• Coordinate with the Nutrition and Rehabilitation Team regarding the potential

for nutrition to enhance cognitive, affective and psychosocial functioning as
well as the need for neurobehavioral and psychosocial rehabilitation following

flight.
• Coordinate with the Smart Medical Systems Team regarding the potential for

neuroimaging to enhance objective detection of neurocognitive and

neuroaffective dysfunctions in space flight.

• Coordinate with the Immune Team regarding the role of psychosocial and
neurobehavioral distress in endocrine and immune responses and the potential

of using immune markers as indices of the chronic stress being experienced.
• Coordinate with the Radiation Team regarding the effects of space radiation on

neurobehavioral functions in animals as a prelude to assessing effects in

humans.

Objective 7C. Integrate research with investigators not formally' associated with the NSBRI.
• Although most of the projects on the Neurobehavioral and Psychosocial Factors

Team involve collaborations among leading investigators from different

schools, universities, companies, and Federal agencies (e.g., projects by' Wood,

Brady, Orasanu, Dinges, and Carter), Team PIs continue to seek out expertise
from scientists not formally part of the NSBRI who are experts in many' of the

areas under study. In this regar& Dr. Wood has recently begun collaboration

with I)r. John Cacioppo, the foremost investigator of social biology, and Dr.

Norbert Krafl (National Space Agency of Japan and Commander of a long-

duration isolation study')has joined Dr. Orasanu's project.
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8.6 SUMMARY

The relatively recent development of the Neurobehavioral and Psychosocial Factors Team

reflects the recent categorization of these factors as Type I (severe) risks during prolonged human

space flight and the need for novel, evidenced-based approaches to mitigate these risks to ensure

the safety and well being of the flight crew and the success of the mission. The Team's current

configuration serves well the breadth of the neurobehavioral and psychosociai areas with four

ground-based projects in each area, and two as yet unfunded flight projects (one in each area, and

both undergoing feasibility review). While the breadth of the research underway is appropriate
for the Team's mandate, the current limited number of funded projects restricts experimental

depth in any one area. That is, the answers to most of the Critical Path questions for this Team

rely on single experiments. Therefore, care in experimental execution and replication of results
will be vital to ensure their generalizability to space flight.

Within the next 2-3 years the projects should have sufficient data to determine the viability of
some of the basic information and technologies being investigated and begin producing viable

countermeasure strategies. Unfortunately this achievement on its own will likely not diminish the

controversy that at times surrounds this area-- perhaps more so than other areas of space
biomedicine, the neurobehavioral and psychosocial area tends to engender pro-con debate about

any one countermeasure approach over another when seeking to mitigate the vulnerability' of
individuals and groups to the psychological, behavioral, and social effects of prolonged space

flight. Examples of the contrasting options for countermeasures include: 1) Whether to seek to

identify factors relevant to select-in versus select-out criteria; 2) Whether to investigate

subjective versus objective techniques for assessing mood, stress, cognitive capability, and

psychosocial adaptation: and 3) Whether to study behavioral versus pharmacological
countermeasures.

In order to minimize the impact of these traditionally controversial issues, the Team approach has
been and will continue to be to obtain the best possible data sets and reliable information and

report these findings. We believe that some of the novel perspectives and approaches being

attempted in the current team projects _vill yield new opportunities for countermeasure
development. Within 5 years we should be able to have at least one and likely two objective

techniques that will be ready for mature countermeasure development (Tables 3a and 3b) in the

areas of objective monitoring of neurobehavioral and psychosociai functioning. Similarly, we
should be well along in developing priorities for optimal communication techniques under both

low and high performance demands. Finally, we should have a clearer idea of the individual
characteristics and group dynamic factors that make up optimal behavioral capability under

adverse circumstances.

The figure below (Figure 8.1) illustrates the major research themes and anticipated
countermeasure types of the current projects and our view that they, form critical complementary

components to the maintenance of behavioral and psychosocial health and capability during long
duration missions. We appreciate the opportunity to work on such challenging scientific

questions.
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Figure 8.1. Major Research Themes and Currently Anticipated Countermeasure Types.
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National Space Biomedical Research Institute

NEUROBEHAVIORAL AND PSYCHOSOCIAL FACTORS PROGRAM

Table 8.1. Project Research Activities

Pl/Project

ASTON-JON ES/Stress,
Performance and Locus
Coeruleus

BRADY/Psychosocial
Perfommnce Factors in

Space Dwelling Groups

CARTEr/Designing a
Smart Medical System for
Psychosocial Support

DINGES;Optical
Computer Recognition of
Behavioral Stress

KOSSLYN;Quick
Assessment of Basic

Cognitive Function
LIEBERMAN/Speech

Monitoring, Cognitive &
Personality Alterations

'ORASAl_U,'l)istributed

1earn Decision Making in

Exploration Missions

WOOD/Individuals and
Cultures in Social
Isolation

*BRUNNER/Effect of

Spaceflight on
Pharmacokinetics of

Ps> chotherapeutic Agents
*KANAS'Psychosocial
Edt, cation (PSE) Training
for ISS Missions

Risk(s)

Addressed
Countermeasure

Target

qeurobehavioral

dysfunction

Poor psychosocial

adaptation

Psychosocial and
neurobehavioral

dysfunction

Net, robehavioral

dysfunction

Pharmacological

agents

Training.
Environmental

manipulation

Monitoring &

diagnosis procedures:
Other (suggestions for

treating problem)

Monitoring and
diagnosis procedures

Neurobehavioral
dx sflmction

Neurobehavioral

dvsfimction

Poor psychosocial
adaptation

Monitoring and
Diagnosis Procedures

Monitoring and
Diagnosis Procedures

Training,
Other (crew selection)

Poor psychosocial

adaptation and
neurobehavioral

dyrsfunction

Training,
Other (crew selection)

Neurobehavioral Pharmacological

dysfunction agents

Poor psychosocial Training
adaptation .

*Not )'el funded; in feasibility phase evaluation at JSC.

Experimental

System

Stress and drug
effects on LC and
_erformance in rats

Ilumans performing
computerized
simulation of mission

Humans developing
content from expert
& astronaut input

I itm3ans tmdergoing

high- and low-stress

performance
llumans perform ing
on commt, nication
simulation

Speech evaluations m
htmlans on Everest &

Parkinson's patients
I lumans performing
computerized
simulation of tasks

I|umans wintering
over in Antarctica

Humans in space

flight

Phase 1

Activities:

Focused

Mechanistic

Research

Understand stress
effects on locus
coeruleus

Determine effects of

varying functions of
communication
channels

Establish content

for prototypical

computerized self-

diagnostic system
Determine if facial

expressions reveal
physiological stress
Determine validity
of brief versions of

cognitive tests
Determine if voice-
onset time measures

cognitive functions
Develop technology
to monitor affective

responses
Identify inter-
relationships among
social context,
cultures, and health

Determine

pharmacokinetics of
drugs in space flight

Phase 2 Activities:

Preliminary

Countermeasure

Development

Research

Test effects of training,
incentives & experience
on communication

Develop computerized
self-help system for
psychosocial support

Develop & test optical
computer recognition of

stress expressions
Establish norms &

sensitivity of brief to
relevant stressors

Test voice analysis to
detect cognitive and

personality changes
Establish effects of

stressors & gender on

problem solving

Develop training to

Phase 3 Activities:

Mature

Countermeasure

Development

Research

Test effectiveness of
llulnans in space

flight
prevent poor
ps_chosocial adaptation

psychosocial education
training in space flight

1??
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NEUROBEHAVIORAL AND PSYCHOSOCIAL PROGRAM

Table 8.2. Integration Activities*

Internal
Communication

Integrated

Experiment
Development

Sample Sharing

Synergistic
Studies of

Opportunity

Development of
Computer
Model of

Integrated
Human
Function

ASTON-

JONE__.__S
Stress and

locus coeruleus

Monthly team
telecom
Annual team

meeting;
NSBRI Retreat;
Biannual NASA

meeting:
National
scientific

meetings

BRADY

Psychosocial
performance

Monthly team
telecon:
Annual team

meeting;
NSBRI Retreat;
Biannual NASA

meeting;
National
scientific

meetings

Complements
communication
variables in
ORASANU

project

[Ising same
ps._chosoc ial
scales (e.g,,
alexith_ mia
scale)

CARTER

Computerized
psychosocial

support

Monthly team
telecon:
Annual team

meeting:
NSBRI Retreat:
Biannual NASA

meeting:
National
scientific

meetings

DINGES

Optical
computer

recognition
Monthly team
telecon;
Annual team

meeting;
NSBRI Retreat;
Biannual NASA

meeting;
National
scientific

meetings
Assess potential
of optical
computer
recognition for
detection of

fatigue (with
ItPFSC Team)

Using same

ps3chosocial
scales (e.g,,
alcxith3 mia
scale)

Acquiring
speech data in
project for
LIEBERMAN

to anal2, ze

KOSSLYN

Quick
assessment of

cog. functioins
Monthly team
telecon;
Annual team

meeting;
NSBRI Retreat;
Biannual NASA

meeting;
National
scientific

meetings

iJsing same
psychosocial
scales (e.g.,
alexithymia
scale)

LIEBERMAN

Speech
monitoring

Monthly team
telecon;
Annual team

meeting;
NSBRI Retreat;
Biannual NASA

meeting;
National
scientific

meetings

Analyzing
speech data
from low and

high stressor
conditions in
DINGES

ORASANU
Distributed

team decision

making
Monthly team
telecon;
Annual team

meeting;
NSBRI Retreat;
Biannual NASA

meeting;
National
scientific

meetings

Complements
communication
variables in

BRADY project

Using same
psychosocial
scales (e.g.,
alexithymia
scale)

WOOD

Social isolation
/ Antarctic

Monthly team
telecon;
Annual team

meeting;
NSBRI Retreat;
Biannual NASA

meeting;
National
scientific

meetings

Developing
collaboration
with Immune

project by
SHEARER

To be
determ ined--
under

discussion with
BALDWIN

I

*Although not yet funded, space flight experiments proposed by Brunner (Pharmacokinctics in space flight) and Kanas (PSE training for space flight)

are included in monthly Team telecons and annual meetings.

123



National Space Biomedical Research Institute

NEUROBEHAVIORAL AND PSYCHOLSOCIAL PROGRAM

Table 8.3a. Achieving Goals 1 and 4: Reduce Risk of Human Performance Failure Because of Poor Psychosocial
Adaptation

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

• Identify psychosocial stressors that occur during prolonged space flight

Phase I: Focused Mechanistic Research

• Identify predictors of vulnerability to poor psychosocial adaptation

• Determine effects of contingencies on use of communication channels
• Establish content for prototypical computerized self-diagnostic system

• Identify interrelationships among social context, cultures, and health

• Identify selection criteria for optimizing group cohesion

Phase 2: Preliminary Countermeasure Development Research

• Establish effects of training, incentives and experience on communication

• Develop prototypical computerized self-help system for psychosocial support

• Establish effects of stressors, gender and cultural differences on problem solving

• Develop training to prevent poor psychosocial adaptation

• Develop hierarchy of ways to maximize group communication, decision making

and problem solving

• Develop training for living well in confinement, away from family

• Develop technologies for early detection of psychosocial dysfunction

• Identify optimal interventions for preventing and resolving interpersonal
conflicts

• Identify techniques to maintain effective flight and ground crew relations

• Develop strategies for privacy, relaxation, novelty, leisure, and re-acclimation

• Identify effects on psychosocial functions of novel countermeasures for other

risks (e.g., muscle, bone, radiation, neurovestibular, sleep & chronobiology)

Phase 3: Mature Countermeasure Development Research
• Develop best select-in criteria for optimizing group cohesion (culture, gender)

• Develop best training techniques for crews to optimize group cohesion

• Develop optimal communication protocols

• Develop full computerized self-help system for psychosocial support

i

Pre 2001 200212003 2004 2005 200(_ 2007 2008 2009 2010
2001 1

[/I

i_i:¸!iiii iii_
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Table 8.3a (continued). Achieving Goals 1 and 4: Reduce Risk of Human Performance Failure Because of Poor

Psychosocial Adaptation

Countermeasure Development Phases

Phase 4: Countermeasure Evaluation & Validation

• Test best select-in criteria for optimizing group cohesion (culture, gender)

• Test best training techniques for crews to optimize group cohesion while living
in confinement

• Test optimal communication protocols
• Test techniques to maintain effective flight and ground crew relations

• Test full computerized self-help system for psychosocial support and problem

solving

• Test techniques for early detection of psychosocial dysfunction

• Test strategies for optimizing privacy, relaxation, novelty, leisure, and re-
acclimation

Phase 5: Operational Implementation of Countermeasure Strategy

ere

Z001
2001 2002 2003 2004 Z005 2006 2007 2008 2009 2010 20112012

N !!!!??Nil
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Table 8.3b.
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Achievinq Goals 2 and 3: Reduce Risk of Human Performance Failure Because of Neurobehavioral

Dysfunction

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

• Identify neurobehavioral stressors that occur during prolonged space flight

Phase I: Focused Mechanistic Research

Phase

• Understand stress effects on locus coeruleus and attention

• Identify predictors of vulnerability to cognitive and/or affective dysfunction

under stress in analog environments

• Establish content for prototypical computerized self-diagnostic system

• Determine if facial expressions reveal physiological stress

• Determine validity of brief versions of cognitive tests

• Determine if voice-onset time measures cognitive functions

• Develop technology to monitor affective responses

• Understand pharmaeokineties in space flight

• hlentify promising pharmacological countermeasures for stress and mood

reactions in space flight

2: Preliminary Countermeasure Development Research
Develop prototypical computerized self-help system for neurobehavioral

diagnosis and supportDevelop and test optical computer recognition of facial

expression of stressEstablish norms and sensitivity of brief cognitive tasksTest

voice analysis to detect cognitive and personality changes

Establish and test pharmacological approaches to adverse neurobehavi0ral

reactions (mood, cognition) in space flight

Establish and test behavioral approaches to adverse neurobehavioral reactions

(mood, cognition) in space flight

Identify adverse CNS / ANS effects from radiation and countermeasures from
other areas

ere

2001
2001200220032004200520062007 200820092010

i

i lll

ii

I
i

, !

.... _...... :_. ;_
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Table 8.3b (continued). Achieving Goals 2 and 3: Reduce Risk of Human Performance Failure Because of

Neurobehavioral Dysfunction

Countermeasure Development Phases
ere

2001 2002 2003 2004 P.005 2006
2001

I
Phase 3: Mature Countermeasure Development Research

• Develop full computerized self-help system for neurobehavioral diagnosis and--'

support
• Develop best pharmacological approaches to adverse neurobehavioral reactions

(mood, cognition) in space flight
• Develop best behavioral approaches to adverse neurobehavioral reactions

(mood, cognition) in space flight

• Develop best predictors of vulnerability to cognitive and/or affective dysfunction

• Develop best objective (minimally obtrusive, maximally reliable) technique for

remote detection of cognitive dysfunction

• Develop best objective (minimally obtrusive) technique for remote detection of

affective dysfunction

Phase 4: Countermeasure Evaluation & Validation

• Test full computerized self-help system for neurobehavioral diagnosis and

support
• Test best pharmacological approaches to adverse neurobehavioral reactions

(mood, cognition) in space flight
• Test best behavioral approaches to adverse neurobehavioral reactions (mood,

cognition) in space flight
• Test best predictors of vulnerability to cognitive and/or affective dysfunction

• Test best objective (minimally obtrusive, maximally reliable) technique for

remote detection of cognitive dysfunctionTest best objective (minimally

obtrusive_ technique for remote detection of affective d_'sfunction

Phase 5: Operational Implementation of Countermeasure Strategy

2007 200820092010!20112012

.........._' i: _*_

;:ili i
=
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9.0 NEUROVESTIBULAR ADAPTATION

Team Leader: Charles M. Oman, Ph.D.

Senior Research Engineer

Department of Aeronautics and Astronautics
Director, Man-Vehicle Laboratory

Center for Space Research
Massachusetts Institute of Technology

77 Massachusetts Avenue, Rm. 37-219

Cambridge, MA 02139-4301
617-253-7508

617-258-8111 FAX

cmo@space.mit.edu

9.1 INTRODUCTION

The most overt change affecting an astronaut in space flight is the immediate response of the

neurovestibular system to changes in gravity'. NSBRI's neurovestibular adaptation research

program supports research aimed at developing scientifically-based countermeasures against the

vestibular problems associated with space flight: spatial disorientation, space motion sickness,

oculomotor deficits, postflight postural instability and gait ataxia. Problems typically arise first

when astronauts transition from 1-G to 0-G, unfortunately at a time when their physical and

cognitive performance is often critical for mission success and safety. Postflight problems have

generally been more severe after 3-5 month Mir and ISS flights than on 1-2 week Shuttle

missions, showing that some components of vestibular adaptation to 0-G take place over time

scales of months, rather than weeks. Operationally significant vestibular problems are also

anticipated when astronauts make the transition from 0-G to partial G, or from 0-G to an artificial

gravity environment. During the Shuttle/Spacelab era (1980s and 90s), many of NASA's major

ground and flight neurovestibular experiments addressed basic issues related to the effects of 0-G

vestibular reflexes. NSBRI research is designed to develop countermeasures for a broader set of

risks identified by the NASA Critical Path project. In 1997. five principal neurovestibular risk

areas were identified (criticalpath.jsc.nasa.gov/main.asp). Since that time, additional

information has become available from long duration Shuttle, Mir and ISS flights. Because of

NASA's shift in emphasis from exploration (e.g. Mars) missions to long duration ISS long

duration flights, the NSBRI neurovestibular team reexamined its critical path risks. In

collaboration with colleagues from the JSC Neurophysiology lab, and the JSC Medical

Operations branch, the risks were updated and regrouped into seven areas which also define the

spaceflight related long term goals of the program. In priority order, these are:

9.2 RISKS

° Vertigo on reentry, and landing, triggered by sudden vehicle accelerations or head movements in

a now-unfamiliar gravitational environment, can cause involuntary eye movements (nystagmus),

difficulty reading instruments and orientation illusions. Together, these can cause misperception

of the attitude, velocity, and acceleration of the vehicle. In critical situations, such as during

landing they can lead to involunta_, control movements and control errors, resulting in faster

and harder landings and potentially' in the loss of the vehicle and crew.
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. Acute space motion sickness on insertion into microgravity can produce nausea, vomiting, loss

of concentration and inability to follow procedures. The sickness, which can sometimes last for

several days, could cause catastrophic failure of EVA suit life support systems and render space

suits unreusable, were sickness to occur during EVA. Consideration of this has caused

deferment of non-emergency EVAs and Shuttle rendezvous and docking to the fourth day of

flight, which has an important impact on Shuttle procedures and crew productivity.

. Postlanding imbalance, instability, vertigo and orthostatic hypotension have made some

crewmembers unable to stand up or walk unassisted after medium and long-duration flights.

Associated with this, there is decreased tone in postural muscles, impaired locomotor

coordination, instability of vision, difficulty turning comers or negotiating stairs. Any or all of

these compromises the ability of crewmembers to egress from the Shuttle rapidly. Potentially,

this could lead to injury or death of crewmembers in the event of an emergency or failed

landing.

4. Inflight spatial disorientation and frame of reference problems, triggered by 3D body movements
as well as inversion and visual reorientation illusions, causing reaching errors and spatial

memory problems, difficulty locating emergency egress routes, EVA height vertigo, and

operational difficulties during docking and remote manipulation of payloads that could cause

dangerous collisions.

5. Chronic space motion symptoms resulting in decreased crew work capacity. Symptoms include

fatigue, "space stupids", decreased vigilance, loss of motivation, irritability, gastrointestinal

stasis, anorexia, dehydration, weight loss. side effects of anti-motion sickness drugs and changes

in sleep-wake cycle.

. Artificial Gravity related disorientation, nausea, vomitint_, and loss of coordination. Symptoms

occur in short and medium radius artificial gravity environments due to Coriolis effects on the

vestibular semicircular canals, and biomechanical Coriolis forces which disturb normal limb

movements. Symptoms necessitate movement restrictions which will compromise crew

productivity.

. Peripheral and central vestibular function changes due to exposure to microgravity, that may

contribute to orthostatic intolerance on landing. It is also conceivable that changes in otolith or

hair cell function occur after very long duration exposure to weightlessness, or exposure to

radiation and environmental ototoxins (e.g. CO) that could cause permanent impairment of

balance function. If so, these changes could cause loss of crew productivity when landing on a

distant planet or crew injury or death during emergency egress.

9.3 GOALS

The ultimate goal of NSBRI's neurovestibular research program is to develop countermeasures that

ultimately will to allow crewmembers to: avoid disorientation, meet the physical requirements of

emergencies, treat motion sickness without side effects, and safely control vehicles and systems.
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Risk #1 (Vertigo on Rentry and Landing) is believed to represent a serious ("Class I") risk on long

duration missions. Though Shuttle pilots are aware of the problem, and voluntarily limit head

movements, vehicle accelerations cannot be avoided. Vertigo and nystagmus cause well known

difficulties reading flight instruments. Reentry vertigo has been recognized since the earliest

days of the Shuttle program, but its operational significance has probably been masked by the

traditional "can do" attitude of military-trained pilots who believe they can concentrate on their

instruments and "fly through" episodes of vertigo. Flight surgeons report that vestibular

disturbances are more severe after long flights. Although the landing vertigo problem has been

manageable on 1-2 week flights, it is likely to become a significant problem if shuttle mission
duration is extended to 3-4 weeks. McClusky, Clark, Stepaniak 2001 (NASA JSC SD2) found

shuttle landing flight technical error (height over threshold, and distance, vertical velocity, and

airspeed speed errors at touchdown on 9 missions ) correlated with intensity of postlfight

neurologic symptoms (9 missions, 8 subjects). Vertigo on short final, flare, or touchdown
could cause loss of vehicle control. Vestibular and related somatosensory factors may have

contributed to pilot induced oscillations on some Shuttle landings. Additional quantitative data

on head movements, vehicle accelerations, and flight technical error are needed. The Shuttle

does not have full autoland capability at all likely landing sites. Countermeasures to pre-adapt

crewmembers or display/flight control changes and training procedures which reduce

disorientation and flight technical error will be required. Providing Shuttle autoland capability

does not completely resolve the problem, since pilots must still have sufficient visual acuity to

monitor displays used in landing.

Risk #2 (Acute space motion sickness) also represents a Class I risk during EVA, since the Shuttle

space suit ("EMU") has no containment bag. In 1980s. Hamilton Standard (P. Heimlich) noted
vomitus in the LiOH canister creates exothermic reaction, and shuts down EMU primal' vent

loop. Frozen vomitus in secondary vent nozzle could shut down the secondary vent loop.

leaving only a few minutes of residual in suit 02 remaining. Vomitus is biologically active, so

if there is an episode, the suit cannot be reused unless completely refurbished on the ground.

Vomitus volume could be somewhat reduced by eating/drinking less frequently, but this is often

inappropriate. Modifying the suit to include a vomitus containment receptacle has been
considered, but is expensive and may be impractical. Risk is serious if emergency EVA is

required. Risk exposure currently is currently reduced by prohibition of non-emergency EVAs

before flight day 3. One in-suit vomiting episode has occurred, but before actual EVA began.

Acute vomiting episodes - even during IVA - are momentarily disabling. Drug or behavioral

countermeasures which reliably and quickly reduce probability of vomiting are needed.

Feasibility of EMU modifications to reduce susceptibility or provide containment should be

reinvestigated. Opening the early-mission window Ior EVA by 1-2 days will add useful

flexibility in mission planning, and improve overall STS-ISS productivity.

Risk #3 (Postlanding imbalance, instablility, vertigo) remain a concern for all Shuttle crewmembers

in the event an emergency requires rapid egress from the vehicle. Although recent

cardiovascular and neuromuscular countermeasures have been successful on ISS.

neurovestibular balance problems remain a problem tor some individuals. Many crew tested

cannot run 1000 ft on a treadmill. Countermeasures are needed to pre-adapt returning
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crewmembers,to mitigatetherisk of injury resultingfrom anaccidentalfall. It is alsoimportant
to understandwhetherthereis avestibularcontributionto postflightorthostatichypotension.

Risk #4 (Inflight spatialdisorientationandframeof referenceproblems)aremoresignificantinside
spacestations(Mir, ISS) thanonShuttle,dueto thecomplex3D interiorarchitecture(Richards,
et al, 2001),which providesmultiple visual framesof reference,andcausesvisual reorientation
illusions. Mental rotationandframeof referenceproblemshavebeennotedin debriefsof some
crewmembersdoing ISSrobotic ops. Suchproblemscomplicatedthe Mir crew's responseto
the collison with the Progressspacecraft in 1997. Shuttlecrewmembersvisiting Mir easily
becamelost. Mir andISScrewmembersoccasionallyreportheightvertigowhentheEarth is in
their lower visual field, andfor sometheexperiencehasbeenmomentarilydisabling. Thelack
of visualreferencescuesduringthedarkhalf of eachorbit hascauseddisorientationandconcern
amongsomeISS EVA crew. Potentialcountermeasuresinclude preflight visual orientation
training - perhapsusing appropriatevirtual reality techniquesor ground simulators- and
improvedphysiologicallybasedhumanfactorsstandardsfor spacecraftarchitectureandescape

path signage.

Risk #5 Chronic space motion sickness symptoms affect 75% of crewmembers to some degree

during the first 3-5 days in space, and impair the average physical and mental efficiency of

crewmembers, and cause profound somnolence, nausea related inability to follow procedures,

and loss of initiative. The impact on operational capability of the crewmember equals or

exceeds the somnolence produced by other aberrant circadian cues associated with spaceflight.

Though acute space sickness problems are generally confined to the first week, several cases

lasting weeks have been described by Russian colleagues, and there is reason to believe chronic

low grade symptoms ("sopite syndrome") may persist in some crewmembers for weeks.

Existing drugs were developed to prevent and treat acute space motion sickness, and have

significant side effects. They may not be the best agents for treating chronic space motion

sickness symptoms. Countermeasures include both techniques which accelerate adaptation to

weightlessness, and improved anti-motion sickness drugs and other therapies which can be used

to block or treat symptoms and signs without unacceptable cognitive or circadian side effects.

Risk #6 Artificial Gravity related disorientation, nausea, vomiting and loss of coordination.

Artificial gravity (AG) remains a potentially important multi-system countermeasure for

neuromuscular, bone, cardiovascular and neurovestibular dysfunction in 0-G. Large radius AG

spacecraft systems are likely at least a decade away, but short radius (2-3 m) systems could be

developed now which fit inside Shuttle or an ISS module. As a neurovestibular

countermeasure, AG is a double-edged sword: it probably can be used to pre-adapt

crewmembers for return to planetar3 _ gravity, but if crewmembers move their heads out of the

plane of rotation, the resulting vestibular Coriolis stimulus potentially produces complex
disorientation and motion sickness. In a rotating artificial gravity environment, with the body's

principal oriented perpendicular to the axis of rotation, the direction and magnitude of the
vestibular Coriolis effects depend on which way the crewmember happens to be facing. The

extent to which a person can adapt in a context specific way to this kind of stimulus is unclear,

and requires further research. Establishing the values of AG system radius and RPM. and the
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duration/repetition rate of AG sessions which are effective for neuromuscular, bone,

cardiovascular and neurovestibular therapies remain a NSBRI wide priority.

Risk #7 Peripheral and central vestibular changes due to prolonged 0-G, radiation, or
environmental toxins. There is no conclusive evidence that prolonged (months to years)

exposure to 0-G produces irreversible vestibular changes, but only half a dozen individuals have

yet flown beyond 6-8 months. Anatomical changes have been seen in vestibular sensory

epithelia in animals on flights of several weeks and longer, but the functional significance of

these changes is unclear. The effects of radiation exposure on the vestibular end organs and

central vestibular system (e.g. brain stem, cerebellum, thalamus, hippocampus)has not been

established. The effects of gravity on the formation of otolith crystals is not well understood.

Loose otoconia will presumably float benignly in 0-G, but returning crewmembers may be more

susceptible to disorienting effects (e.g. cupulolithiasis) during landing and postflight. The lack

of validated, sensitive instrumentation and methods tbr early detection of impairment of

vestibular reflexes, particularly those associated with response to gravity and linear acceleration

is a continuing problem.

In 1999, the NSBRI neurovestibular team held a workshop in Houston to solicit the advice of a

panel of outside experts. This group mapped the neurovestibular risks of spaceflight into eight
interrelated thematic research areas, and defined a set of critical questions associated with each.

These themes and questions formed the basis for the solicitation for the current research program:

1. Sensory-Motor Adaptation

• Can an individual's ability to adapt to multiple gravitational environments be enhanced so

astronauts can rapidly transition between I-G and 0-G, 0-G and partial G, or 0-G and artificial G

with minimal performance impairment or motion sickness ? What are the sensory-motor

responses that must change in a functionally adaptive manner during prolonged space flight?

Does such adaptation take place? Holy can it be reliably measured?

• Can preflight or inflight training accelerate adaptation ? Can these adaptive responses be trained

to be context-specific? What context cues arc effective '? Must they be associated with active

movement ? How long does context-specific pre-adaptation last ? Does adaptation of eye

movements transfer to e.g. arm movement ?

• What is the evidence for and the physiological bases of oscillopsia, disorientation, ataxia.

impaired gaze holding, and reduced dynamic visual acuity reported by crewmembers.

particularly while making head movements during re-entry and immediately postflight?

• Can long-term exposure to space flight impair sensorimotor plasticity?

• What is the mechanism responsible for postflight sensoR' flashbacks occasionally reported by

some crewmembers ?

• How do countermeasures (e.g., artificial gravity, inflight exercise or preflight training) affect

adaptation rates and levels? How do rates and levels associated with physiological

(sensorimotor, autonomic, emetic) adaptation to microgravity and 3/8 G on Mars correlate with

operational performance changes ?
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What are the appropriate space flight analog environments that can be used as test beds for

evaluating neurological adaptation, adverse operational implications, countermeasures and

impacts of adaptation on other anatomical and physiological systems?

2. Artificial Gravity

• What are the effects of AG on human eye, head and limb movements ? What are the pros and

cons of artificial gravity (AG) as a countermeasure against the effects of 0-G on neurovestibular

function ? What are the advantages and disadvantages of large radius continuous AG vs. short

radius intermittent AG, and how are these influenced by mission duration and post-landing

environment (Mars vs. Earth)?

Can humans successfully adapt to working perpendicular to the angular velocity vector?

How can transitions between AG levels be eased?

What is the maximum tolerable rotation rate for a given G level? What is the best habituation

schedule?

3. Visual (Multisensory) Orientation. Spatial Memory'. and Navigation

• How do visual and nonvisual cues interact to influence human orientation perception and motor

behavior?

• How do visual, vestibular and haptic cues and biases contribute to inversion illusions, visual

reorientation illusions, extravehicular-activity acrophobia, disorientation and poor 3-D spatial

memory in 0-G?
• What is the neural basis of inversion illusions, visual reorientation illusions, EVA acrophobia,

disorientation and 3-D spatial memory problems in 0-G? Does neural coding of place and

direction three dimensional, or is it principally two dimensional due to our terrestrial

evolutionary heritage ? Does the coding change after adaptation to 0-G?

• Does 1-G training in simulated environments (e.g. using virtual reality or neutral buoyancy

techniques) reduce disorientation, and improve 3-D spatial memo_ and performance in

orientation and navigation tasks such as emergency escape ? Can the architecture and layout of

spacecraft interiors be improved to minimize disorientation ?
• How can 0-G immersive teleoperation displays be designed to reduce disorientation and/or

motion sickness?

4. Vestibular/Autonomic/Emetic Physiology and Countermeasures

• What is the physiological basis for the "'sensory conflict" theory for motion sickness ? What is

the locus and function of the putative "'conflict" signal ? What is the neural or chemical linkage

between balance and emetic centers ? What mechanisms establish the threshold for nausea and

emesis ? What neurotransmitter and receptor systems are involved ? Is the physiology of space

motion sickness fundamentally different from other forms of motion sickness ?

• How do anti-motion sickness drugs affect sensory-motor adaptation and eye movements ?

• Can more effective anti-motion sickness drugs be developed which target emetic centers or the

vestibular-emetic linkage ? Drugs must be effective, easily and safely used over days to weeks

with minimal side effects and must not impair neurovestibular adaptation.
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• Can improved anti-motion delivery systems and dose and side effect monitoring systems be

developed? What are the best ground-based techniques for evaluating 0-G pharmacokinetics

and for assessing the effectiveness and side effects of drug countermeasures ?

• How does chronic space motion sickness (including sopite syndrome) affect mood, initiative

and interpersonal relationships?

• Does the neurovestibular response to weightlessness impair postlanding cardiovascular

regulation and contribute to orthostatic intolerance ? How is it mediated ? What is the effective

frequency range of compensation ? Can an effective countermeasure (e.g., AG) be developed to

exploit this knowledge?

5. Postflight Locomotion and Gaze Assessment

• What causes the profound impairments of posture, gaze and locomotion stability in many

returning astronauts (and in vestibular patients), and how can these be quantified?

• What causes the large differences in level of impairment observed among different

crewmembers ?

• How do these differences correlate with physiological and operational performance changes?

• How are the multiple, mutually dependent sensorimotor systems responsible for locomotion

altered by exposure to space flight? For example, what is the role of the vestibulo-ocular,

vestibulo-collic and vestibulo-spinal reflexes in 3-D control of locomotion and gaze while

walking_ turning or ascending stairs?

• t-low are target acquisition, smooth pursuit and saccadic mechanisms programmed during

locomotion? How do oculomotor and gait control systems interact during locomotion and head

turning? How is this interplay affected by space flight?

• What roles do visual cues play in postflight locomotor control?

• In an altered sensor5' environment, does motor control require increased cognitive resources?

• Does this multi-tasking impair pertbrmance? Can a dual-task paradigm be used to monitor

adaptation?

• What is the linkage between space flight-induced changes in sensory-motor control and

astronaut functional performance?

• What measures represent composite and global indicators of locomotor and/or gaze dysfunction

after space flight? What measures are the most efficient and sensitive indicators of changes in

locomotion and/or gaze? What is their correlation with functional performance after space

flight.

6. Neurovestibular Rehabilitation

• What are the relative contributions of neurovestibular adaptation, neuromuscular deconditioning

and orthostatic intolerance to postflight neuromuscular coordination, ataxia and locomotion

difficulties?

• Why do certain astronauts recover balance and locomotion function more rapidly than others

postflight ?
• What is the effect of cardiovascular, muscle and skeletal rehabilitation therapies on

neurovestibular recovery', and the converse ?
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• Can preflight or inflight training, balance exercises, sensory aids, prostheses and assessment

techniques improve postlanding postural and locomotor control and functional task performance
9

• How should somatosensory information be used to accelerate neurovestibular redaptation?

• Can crewmembers "learn how to learn" by adapting to surrogate sensory-motor rearrangements

• How does attention to a new sensory-motor task affect performance of a secondary task?

7. Effects of Stress, Isolation, Immobilization and Diet on Vestibular Function

• What are the effect of psychological stress, isolation, immobilization, and diet on vestibular

function ? How can they be distinguished from the effects of weightlessness and "normal"

physiological variability?

• If there are important effects, what countermeasures can be developed?

8. Potential Mechanisms For and Diagnosis of Irreversible Neurovestibular Changes

• How might very long duration exposure to 0-G or partial G, radiation or environmental toxins

such as carbon monoxide or ethylene glycol cause irreversible (pathophysiological) changes in

central or peripheral vestibular function or development, or cause acceleration of the normal

aging process? What is the likelihood of this ? Would some individuals be more susceptible

than others? What is the potential time course? How could such changes be reliably detected at

an early stage? What is the best way to non-invasively assess the function of the human otolith

end-organs ? How does serum calcium homeostasis impact otoconial turnover?

8.4 DESCRIPTION AND EVALUATION OF THE CURRENT PROGRAM:

NSBRI's neurovestibular research program is led by Dr. Charles Oman (MIT) assisted by Drs.

Bernard Cohen (Mr. Sinai School of Medicine) and Conrad Wall (Harvard Medical School/Mass

Eye and Ear Infirmary). The current research portfolio of seven projects was selected based on a

February, 2000 solicitation (NSBRI 00-01) and independent peer review. Six of the seven are three

year projects. Three of the projects (double boxed in the figure below) were initiated in 1997, and

competitively renewed in 2000.

I Neurovest_bular Research Team I

CM Onin(TearrLeaOer) I
cWalIII p_sso_leTea_l.eaclerl I

B _n_'l IAssoall_ Teanteaoerl I
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GazeHoldrlg I II&_U_,-,o_l Ataxa Control ICountermeasuresI
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The investigators,their institutions,the critical path risks addressed,thematicareas,experimental
model, specific aims,countermeasuretypesandcountermeasuredevelopmentstrategyof eachof
the sevenprojectsaresummarizedbelow:

Context-Specificity and Other Approaches to Neurovestibular Adaptation.

PI: Mark J. Shelhamer,

CoIs: Minor, Zee, Angelaki, Zhou, Wu.

Institutions: Johns Hopkins U. School of Medicine, Washington U., U. Mississippi Med Ctr.

Critical path risks addressed: 1. Vertigo on rentry and landing., 3. Postlanding imbalance and

vertigo.

Thematic area: Sensory Motor Adaptation

Experimental models: Human and animal (primate)

Countermeasure Types: assessment, prediction, training.

Current readiness level: 2

Specific Aims:

• Is torsional eye position a context cue for saccade adaptation ?

• Does a rest interval between stimuli promote adaptive consolidation ?

• Can cyclovergence adaptation provide a countermeasure to ocular torsion changes in

parabolic flight ?

• How do pursuit and LVOR deficits correlate in cerebellar lesioned monkeys ?

• How do pursuit and LVOR adaptation transfer across frequencies in humans and monkeys

• Can LVOR adaptation be trained with pursuit stimuli, and how do cerebellar lesions

influence adaptation.

• Does head tilt adaptation of saccades and VOR transfer to arm movements in monkeys ?

• What is the best way to induce context specific LVOR adaptation in humans ?

• Does the naso-occipial LVOR also shov_ context specific adaptation ?

Neuro-Vestibular Aspects of Artificial Gravity Created by Short-Radius Centrifugation

PI: Laurence R. Young.

Cols: Hecht, Oman, Mast, DiZio, Lackner, Paioski, B. Cohen,

Dai, M. Cohen, Welch, Stone.

Institutions: MIT, Brandeis, NASA-JSC, Mt. Sinai Hospital. NASA-Ames.

Critical Path Risks: 6. Artificial Gravity. 2. Acute space motion sickness, 5. Chronic space motion

sickness

Thematic areas: Artificial G, Drug countermeasures

Experimental model: Human

Countem_easure Types: assessment, training, environmental manipulation, drugs.

Current readiness Level: 4

Specific Aims: Using short and medium radius centrifuges and rotating chairs, to determine:

• How context cues influence VOR. perception and motion sickness adaptation.

• What is the role ofsensory-motor (non-vestibular) adaptation to AG ?

• What types of sensor' conflict drive adaptation ?

• What are the optimal duty cycles and inter-session intervals ?
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• Does body orientation re gravity provide a context cue ?

• In what way does adaptation generalize to different rotating environments?

• How does intermittent training influence the accuracy of head movements ?

• How does promethazine affect adaptation and eye movements in humans and monkeys ?

Modification of Eccentric Gaze-Holding,

PI: Millard F. Reschke

Cols: Paloski, Kornilova, Wood, Leigh

Institutions: NASA-JSC, IBMP/Moscow, BCM, University Hospitals of Cleveland

Critical Path Risk: 1 Vertigo on reentry and landing, 3, postlanding vertigo, 7. peripheral or central

vestibular changes.

Thematic areas: Sensory-motor adaptation, Irreversible changes).

Experimental model: Human

Countermeasure types: assessment, prediction, training.

Countermeasure Readiness Level: 2

Specific Aims:

• Effect of tilt and proprioception on centripetal drift time constant

• ttow rebound nystagmus provides adaptive compensation.

• How centrifugation influences gaze holding.

• Why adaptation fails in cerebellar patients.

• Whether gaze-holding is impaired immediately following spaceflight.

Visual Orientation and Spatial Memory.

PI: Charles M. Oman.

Cols: Howard, Shebilske, Taube, Hecht, Harris, Jenkin. l,iu. Stuerzlinger. Institutions MIT. York

University, Dartmouth Medical School, Wright State University.

Critical path risk: 4. Inflight spatial disorientation and frame of reference problems, 2. Acute space

motion sickness etiology.

Thematic area: Orientation and Spatial Memory.

Experimental models: Human and animal (rat)

Countermeasure types: assessment, prediction, training, environmental manipulation..

Countermeasure Readiness Level: 5

Specific aims:
• Human visual orientation. Effects of visual frame, polarity, brightness, motion, and

gravireceptor cues on the subjective vertical, eye movements, and limb movements.

• Three dimensional spatial menmry and spatial frameworks. Generic and environment

specific preflight and onboard virtual reality training methods, interior architectural

standards, and escape path countermeasure design and evaluation.

• Neural coding of spatial orientation. Ho,_v do visual, vestibular, gravireceptive,

proprioceptive, and motor pathways drivc limbic head direction cells in the rat, as a

model for visual reorientation illusions in astronauts.
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Advanced Techniques to Assess and Counter Gait Ataxia

PI: Conrad Wall III

Co-Is:Bloomberg, Oddson, Raphan, Solomon.

Institutions: Mass Eye and Ear Infirmary, NASA-JSC, Boston University, Mr.

Penn.

Critical Path Risks: 3. Postlanding imbalance, instability, vertigo.

Thematic area: Locomotion and gaze.

Experimental model: Human

Countermeasure types: assessment, prediction, training, prosthesis.

Countermeasure Readiness Level: 5

Specific Aims:

Sinai Hospital, U.

Quantify body, head, & eye coordination during perturbed straight walking. And also:

• during straight and circular walking on a circular treadmill.

• while ascending/descending stairs.

• while wearing a tactile prosthetic countermeasure.

• assess effect of dynamic balance exercises.

Understanding Full-Body Gaze Control During Locomotion

PI: Jacob J. Bloomberg, Jacob

Co-I:H. Cohen.

Institutions: NASA-JSC, Baylor College of Medicine

Critical Path Risks: 3. Postlanding imbalance, instability, vertigo, and hyptension.

Thematic area: Locomotion.

Experimental model: Human

Countermeasure types: assessment, prediction, training.
Countermeasure Readiness Level: 5

Specific Aims: How are eye. head. trunk, and lower limb movements coordinated. Specifically:

• How do eye, head, trunk, and legs absorb heel strike while treadmill walking? How do

subjects adapt to magnifying and mini_'ing lenses ?

• To reduced degrees of freedom, for example wearing a neck brace ?

• To wearing knee braces ?

Pharmacological Countermeasures for Space Motion Sickness.

PI: John L. Dornhoffer

Cols: Garcia-Rill, Paule, Van De tteyning.

Institutions: U. Arkansas for Medical Sciences, National Center for Toxicological

Hospital, Antwerp.

Critical Path Risks: 2. Acute space motion sickness, 5 Chronic space motion sickness.

Thematic area: Autonomic/drug

Experimental model: Human

Countermeasure types: assessment, prediction, pharmacological.
Countermeasure Readiness Level: 5

Specific Aims: (2 year project)

Res.. U.
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• What are the effects of lorazepam, meclizine, promethazine, and scopolamine on coriolis

induced motion sickness symptoms ?

• How do these drugs affect reticular sensory gating (P50 double click auditory evoked

potential), time perception, short term memory, and learning ?

Each of the current projects resembles a small NIH Program Project Grant in that (Boomberg's

project exceptedall involve multiple experiments conducted concurrently at several institutions,

and significant collaborations between investigators. In addition, there are significant inter-

project collaborations and coordinations. For example, Drs. Wall, Oddson and Bloomberg are

coordinating their locomotion research, and developing a portable locomotion testing platform.

Dr. Minor (Shelhamer project) is assisting Dr. Taube in developing a semicircular canal blocked

animal preparation. Drs. Shelhamer, Solomon, and B. Cohen and are working with JSC clinical

colleagues on development of a postflight neurological assessment battery.

The neurovestibular team has maintained a strong record of scientific productivity. As of the

spring of 2002, we had 23 manuscripts published or submitted. Between 1997 and 2000, the

initial 3 projects published 14 journal articles, along with 3 reports, 6 graduate theses, 23

abstracts, with 15 manuscripts accepted or in review. Eleven graduate students and 10

postdoctoral trainees participated. Two students interned at NASA JSC, and one is now

employed there. In addition, progress is reported annually' in written and oral presentations to

the NSBR1 External Advisory Council. There is a strong interaction with NASA JSC. Drs Wall

and Oddson are constructing a portable locomotion test platform lor the Neurophysiology lab at

JSC. Dr. Shelhamer serves on the JSC Medical Branch Neurophysiology Integrated Project

Team. Dr. B. Cohen serves on the Critical Path Proiect Review Board. Dr. Oman, Mr. J.

Richards, Dr. J. Clark (JSC) and Dr. Marshburn (JSC & Smart Med. Team) prepared a

retrospective summary of Mir neurovestibular episodes, which was initially distributed to

neurovestibular specialists and crewmembers tor comment and has since been submitted for

publication. The team developed a web site to provide project science details. Drs. Wall and
Oman worked with members of the NSBRI Education and Outreach Team at t larvard Medical

School to prepare a vestibular case stud}' tbr use in high schools ("Cecilia's Story"'). and Dr. B.

Cohen participated in the summer high school outreach teaching program at Mr. Sinai. The team

has held panels at the Aerospace Medical Association and Neural Control of Movement

meetings. The team is preparing a special issue of the Journal of Vestibular Research in 2002,

and are major participants a 6 _h Symposium on the Role of the Vestibular Organs in Space

Exploration in Portland, Oct. 1-3, 2002. This symposium will be a satellite to the concurrent

Barany Society meeting in Seattle, and continues the series initiated at Pensacola in the 1960s

and 70s. We also informally advise several neurovestibular-related proiects underway on other

teams: Ray Vestibular Autonomic project /Cardiovascular Team: Morin Vestibular effects on

circadiardChronobiology; Putcha Intranasal motion sickness drug adminstration/Smart Medicine.

The current project portfolio collectively' addresses some aspects of six of the seven critical path

risks and five of the eight potential thematic areas. Most of the projects have countermeasures

concepts defined and in development, though two currently have not vet reached that stage. Recent

retroactive cuts to the NSBRI budget during FY 2002 have impacted progress on several projects.

Also, there are significant strategic gaps in the current program, partly due to funding limitations
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and also to the particular thematicdistribution of proposalssolicitedby the most recentNSBRI
researchannouncement(NSBRI 00-001).

Thesestrategicgapareasinclude:

• Vertigo on rentry and landing.

• Vestibular/autonomic/emetic physiology

• Postflight neurovestibular rehabilitation

• Mechanisms of long term spaceflight effects on otolith end organ function and reflexes.

With respect to rentry and landing vertigo, the Shelhamer, Reschke, and Bloomberg projects

address the question of context specific preadaptation for return, and how visual acuity is affected

during walking. However none of our current projects focus specifically on rentry disorientation,

acuity loss due to vehicle and/or head movement, or and resulting inappropriate control flight path

error. Some flight surgeons suspect that landing vertigo may become the most significant factor

contributing to mission risk if Shuttle visits are extended to 3-4 weeks, and manual landings

continue to be made. Pilots can practice landing procedures on orbit using laptop flight simulators,

but cannot experience the vehicle accelerations or make head movements in a gravitational

environment until the actual re-entry is flown. As noted earlier, a correlation between landing

parameters and the strength of neurovestibular symptoms has recently been noted. Research is

needed to document the head movements and vehicle accelerations pilots experience, and to better

understand the types of G-excess and otolith-tilt-translation-reinterpretation and other somato-

gravic illusions they produce. Controlled tests on recently returned crewmembers in motion

simulators and the Shuttle Training Aircraft will probably be needed so that its then possible to

develop an appropriate 1-G experimental simulation, and design improved procedures, controls and

displays.

The Young and Dornhoffer projects are studying motion sickness produced by Coriolis stimulation.

and evaluating promethazine and several other agents as potential countermeasures, but a broader

attack on the motion sickness problem is needed. The vestibular/autonomic/emetic area is

challenging because of its interdisciplina_' aspects. The physiological basis of the sensory conflict

theory and the linkage to emetic centers remains unknown. Existing anti-motion sickness drugs

have been empirically discovered. A breakthrough in vestibular/autonomic/emetic physiology

could have important implications for development of targeted pharmacologic countermeasures.

Recent research on vestibulo-autonomic reflexes should remain a priority. The vestibular system

thought to play a role in cardiovascular, respiratory, and circadian regulation, but relatively little is

yet known about mechanism or functional significance. NASA and NIH have not provided major

funding for vestibular-emetic research since the early eighties, so the number of active researchers is

very small at the moment. However new research avenues in this area have been potentially opened

in the intervening years the development of modern molecular neuroscience and functional imaging

techniques. A coordinated NASA/NIH research initiative in this basic research area could yield

dramatically important results. Given the almost universal human susceptibility to motion

sickness, validated concepts for targeted pharmacologic approaches to motion sickness could

potentially be of interest to some NSBRI Industry Forum partners, once the fundamental

physiologic breakthrough identification of the emetic linkage mechanism has been made. In
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additionto new agents,improvedmethodsof rapiddrug treatmentwhich are lesspainful thanthe
presentmethodof intramuscularinjection,andwhich couldbeusedfor treatmentduringEVA are
highly desirable.

Neurovestibularrehabilitationis a challengingareabecausemost of the clinical techniquesused
todayareempirical,guidedby qualitativetheoriesaboutthe relative advantagesof adaptationvs.
sensory,substitution.Hypothesis-drivenresearchtechniquesandquantitativeassessmenttechniques
are only slowly enteringthe field. Astronautsdiffer physiologically from vestibularpatientsin
severalimportantways. Thereis nowidelyaccepted1-Gresearchanalogfor thespaceenvironment
whichcanbeusedfor neurovestibularrehabilitationstudiesin a manneranalogousto thewaybed
restor leg suspensionin neuromuscularrehabilitationstudies. Further,it is not clearfrom clinical
experiencehow to optimizethe readaptationand functional recoveryof returning flight crews,or
how neurovestibular,neuromuscular,bone, and cardiovascularrehabilitation techniquesmay
interact.

Although all of the neurovestibulareffects of spaceflightencounteredto date are apparently
reversible, it is now clear that in generalthe longera personis in 0-G, the longer lastingthe
postflight aftereffects,and only a very few people (all of them cosmonauts)have experienced
weightlessnessfor morethansevenmonths. We cannotconfidentlypredictthe potentiallongterm
effects of weightlessness(including systemicchangesin body calcium for example)on the
vestibular end organs,on the otolith-ocular and otolith-spinal reflexes,and know if they are
reversible. Wedonot yethavea reliable,sensitivemethodfor assessingthefunctionof thehuman
otolith organs,analogousto clinical audiometrictesting.

8.5 OBJECTIVES AND STRATEGIC ACTIVITIES

NSBRI research teams normally particpate in steps 2-5 of the countermeasures development

process. Alter the neurovestibular problems are initially discovered and phenomenologically

described (phase one). our NSBRI research team hypothesizes the physiological mechanisms and/or

cognitive processes responsible for neurovestibular risks; performs the necessary focused

mechanistic research to validate these hypotheses (phase two); formulates potential

countermeasures, and then does the ground and/or parabolic flight experiments to establish their

efficacy (phase three). Most research will initially be done in ground laboratories or in parabolic

flight. We then work with JSC to evaluate whether the countermeasures are practical in an

operational environment, sometimes via simulation(phase four), and an independent, non-advocate

group reviews the case for using the countermeasure. The coutitermcasure is evaluated on the

ground using surrogate subjects, and then ultimately in flight.

The long term goals of NSBRI's neurovestibular research program correspond to each of the seven

space flight risk areas. An eighth programmatic goal - to develop improved methods for diagnosis
and treatment of vestibular disorders on Earth is also identified. Tables 8.1-8.8 below outline the

progression of research required to develop countermeasures for each risk area in an ideal program.

Though the 7 existing projects fit well within this framework, the the overall scope of a broad based
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neurovestibularprogramsignificantly exceedsthe resourcesnow available. For the sevenprojects
in thecurrentportfolio, thecountermeasuresdevelopmentstatusandtypeis shownschematicallyin
Table8.9.
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National Space Biomedical Research Institute

NEURVESTIBULAR ADAPTATION PROGRAM

Table 8.1 Achieving Goal 1: Minimizing risk of vertigo on rentry and landing

I Countermeasure Development Phases

Phase O: Observational & Phenomenological Research

• Review existing data on effect of vertigo on shuttle flight

technical error ,, and aze stabilit .

_echanistic Research

• Monitor and quantify shuttle pilot head movements, vehicle

accelerations.

• Quantify incidence and magnitude ofnystagmus,

disorientation loss of visual acuity, gaze stability', and linear

VOR components in returning crews.

• Quanti_' effect on simulated landing perfommnce parameters.

• Define pilot tasks and head movements in manual, autoland,

and emergency landings.

• Develop mathematical models for nystagmus, perception,

manual control errors; vehicle loss scenarios.

• Quantify manual control and visual acuity loss under
analo ,ous disorientation conditions induced in simulators.

'hase 2: Preliminary. Countermeasure Development Research

• Conduct simulations to define how changes in pilot role

(supervisory vs. manual) or head up/head down display format

could reduce impact.
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• Develop preflight training techniques to preadapt subjects to

otolith-tilt-translation-reinterpretation and G-excess illusions.

• Use models and data to define potential procedural changes to
reduce disorientation.

• Define and valuate potential in flight preadaptation techniques

or in flight landing rehearsal countermeasures.

Phase 3: Mature Countermeasure Development Research

• Develop integrated landing vertigo countermeasure, and verify

feasibilit ,.
I m m mmmm i

Phase 4: Countermeasure Evaluation & Validation
mm mi mm m m

• Testing of integrated countermeasure procedure
I I I liiII I

Phase 5: Operational Implementation of Countermeasure

Strategy
n m m n lmlm
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Table 8.2 Achieving Goal 2: Minimizing risk of acute space motion sickness

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

Phase l: Focused Mechanistic Research

• Determine side effects of existing anti-motion sickness drugs

(e.g. effects on sensory-motor adaptation, eye movements,

alertness).

• Determine effects of 0-G on drug bioavailability and

effectiveness.

• Determine role of head movements, visual and haptic cues in

triggering space motion sickness.

• Evaluate potential non-pharmacologic countermeasures (e.g.

parabolic flight preadaptation, movenaent restriction, haptic
cues, biofeedback, etc.)

• Define options for minimizing impact of vomiting episode in

space suit.

• Define physiological basis of sensory conflict and emetic

linkage in animal models
• ldenti_ ,' new pharmacologic agents which could specifically

block the emetic linkage or increase rate of sensory-motor

adaptation.

• Determine what physiological factors determine individual

susceptibility.
• Detern_ine role of brainstem and cerebellar mechanisms in

adaptation.
• Determine effect of acute motion sickness on circadian and

cardio regulatory systems.
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Phase 2: Preliminary Countermeasure Development Research

• Develop anti-motion sickness drugs targeted at sensory
conflict, emetic linkage or adaptive mechanisms using animal
models.

• Evaluate non-pharmacologic motion sickness
countermeasures.

• Develop improved drug delivery and side effect monitoring

techniques.
n ,,,

• Evaluate techniques tbr mitigating impact of EVA emesis.

Phase 3: Mature Countermeasure Development Research
_ III mllmll _

• Develop behavioral and pharmacological counternlcasures and

test in humans

Phase 4: Countermeasure Evaluation & Validation

• Testing of behavioral and pharnlacological countermeasure.
____,

Phase 5: Operational Implementation of Countermeasure I

l

m

I
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Table 8.3 Achieving Goal 3: Minimizing risk of postlandinq imbalance, vertigo and orthostatic hypotension

Countermeasure Development Phases
Pre 2001 2002!2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

2001:

Phase 0: Observational & Phenomenological Research

• Postflight neurologic exams, posture platform and treadmill
assessments.

• Determine incidence of sensor -motor flashbacks.

Phase I: Focused lVlechanistic Research

• I)evelop reliable techniques for quantifying postural,

locomotor and gaze control deficits in returning astronauts.
• l)etermine how head and body motor strategies intluence

visual acuity and ability to stand, walk and run.

• Determine whether training (e.g. "learn how to learn") helps

normal subjects rapidly adapt to analog stimuli.

• Determine whether there is a significant vestibular

contribution to orthostatic hypotension and dizziness.

• l)etermine physiologic basis tbr intra-individual differences in

ma ,nitude and duration of ostfli ht s 'm toms and si ,ns.

Phase 2: Prelimina_, Countermeasure Development Research
/

• Develop normative database for postflight postural, locomotor

and gaze assessment techniques, and relate test parameters to

fimctional performance loss.

• Define preflight and inflight preadaptation techniques.

• Define and develop appropriate sensory aids to assist

temporarily disoriented crewmembers.

• Identify and evaluate potential neurovestibular and neuromotor

rehabilitation techniques.

--ll
I

II I I mill

mill/
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• Identify potential operational changes which would reduce ]

crew susceptibility to postflight injuries. I• Determine whether vestibular-autonomic factors can be

manipulated to decrease susceptibility to postflight orthostatic

hypotension and dizziness.

?hase 3: Mature Countermeasure Development Research
.illlli_ llllll _

• Develop integrated countermeasures and test in human

volunteers

Phase 4: Countermeasure Evaluation & Validation

• Vesting of integrated countermeasure
_ limit _/ll

Phase 5" Operational Implementation of Countermeasure _ i

Strategy .----.--. _ _ __.._.

I I

in
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i

/
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Table 8.4 Achieving Goal 4: Minimizing risk of inflight spatial disorientation and frame of reference problems.

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

• Postflight crew debriefs, task analyses and workstation
evaluations.

• Assess ISS remote manipulation controls and displays to better
define frame-of-reference issues.

Phase 1: Focused Mechanistic Research

• Determine how vestibular and environmental visual cues

contribute to spatial disorientation, navigation, height vertigo

and frame-of-reference problems.

• Determine how gravitational orientation oflauman subjects

influences the relative weighting of sensory cues.
• Determine whether/how"place" and "direction" is neurally

coded in 3 dimensions, and limits of human abilities to

interrelate multiple reference frames..

• Develop techniques for assessment of individual mental

rotation and spatial memory skills, and susceptibility to height

verti_,o.

• Evaluate use of virtual reality techniques for studies of EVA

hei_,ht vertigo.

Phase 2: Preliminary Countermeasure Development Research

• Develop generic (e.g. "'learn how to learn") and/or

environment specific training techniques (e.g. using virtual

reality or neutral buoyancy) which could help normal subjects

retain spatial memory while performing 0-G analogous tasks.

ere
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• Developimprovedtechniquesfor 3Degresspathmarking,
"you-are-here"maps.

• ReviseNASA Standard3000for spacecraftinterior
architectureandworkstationla_,out.

• Identifyoperationalchanges_vhichwould reducecrew
susceptibility'to inflight spatialdisorientationandEVA height
vertigo.

Phase 3: Mature Countermeasure Development Research
Illlmlll

• Develop countermeasures and test in human vohmteers

'hase 4: Countermeasure Evaluation & Validation
l

• Testing of countermeasures

Phase 5: Operational Implementation of Countermeasure

Strategy -...-
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Table 8.5 Achieving Goal 5: Minimizing risk of chronic space motion sickness symptoms.

Countermeasure Development Phases

Phase 0: Obsen'ational & Phenomenological Research

• Correlate postflight crew debriefs, neurologic exarns,

retrospective task analyses, crew performance, diet, sleep, and

dru use data.

--mPhase 1: Focused Mechanistic Research

• Identity anti motion sickness drugs and delivery methods

suitable for longer duration administration, and which will

combat sopite syndrome symptoms.

• Develop techniques to quantify attention deficits, somnolence,

vigilance and short term memory loss in chronic motion
sickness.

• l)evelop methods to quantify attention deficits, short term

memor,¢ loss, ability to multi-task, sonmolencc, and vigilance.

Phase 2: PreliminarT Countermeasure Development Research

• Test anti-sopite drugs on normal subjects experiencing chronic

motion sickness symptoms (e.g. produced in rotating rooms or

by prism wear). [-valuate for both effectiveness and cognitive
and circadian side effects.

• Identify operational changes which would reduce crew

susce to and im _ct of chronic s motion sickness.

_hase 3: Mature Countermeasure Development Research

Pre 200112002 2003 2004 2005 2006 2007 2008 2009 20102011120122001

mm -

mmm m mmmmm m
mmmmmmmmmm

• Develop countermeasures and test in human volunteers
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Phase 4: Countermeasure Evaluation & Validation
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• Testing of countermeasures
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Phase 5: Operational Implementation of Countermeasure

Strategy
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Table 8.6 Achievinq Goal 6: Minimizing risk of artificial gravity related disorientation, nausea, vomiting and loss

of coordination.

Countermeasure Development Phases Pre 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
2001

Phase 0: Observational & Phenomenological Research i

/ l/fill/if

• Determine whether human subjects show context specific I I

oculomotor and sensory-motor adaptation to vestibular

Coriolis stimulation.
• Determine how radius, RPM, G le'_el, duration, and repetition

rate limits for subjects oriented perpendicular to the angular

velocity vector. " i [
• r i : i

• Determine whether adaptation generalizes to different rotation

enx'vonments. , , i
• l-_valuate intermittent artificial graxit_ as a potential . ] !

countermeasure for adverse cardiovascular, mt,sculo-skcletal ! ]
and neuro_ estibular effects of long duration spaceflight, using

analo_ models, i B

Phase 2: Preliminary Countermeasure Development Research

• Evaluate short radius centrifuge designs for use as a multi-

system countermeasure on ISS class missions.

• Determine optimal adaptation schedule for chosen radius,

RPM.

• Define medium large radius centrifuge concepts for eventual

use on planetary missions.

153



Phase 3: Mature Countermeasure Development Research

• Develop countermeasure protocols and test in human
volunteers

Phase 4: Countermeasure Evaluation & Validation
IIIIIml [ I / / / / /

• Evaluate prototype, short radius centrifuge countermeasure in
fli ,ht.

lilllll/

Phase 5: Operational Implementation of Countermeasure

Strategy
_ m mmm m mmm m mm mmm l
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Table 8.7 Achieving Goal 7: Minimizing risk of permanent vestibular function chanqe.

I Countermeasure Development Phases

l_e x:.est.ibular [ ] ,

_cant radiation or [ [ I

__ c\,rrenHy [
_ng dtmllion ]

cre_embers. "'4 ==="

'h_chanistic Research _ _

_L°tl?1_ h [
f_, ,,_pthelia in I
_lechanisn!s- ]

• Determine effects of potential environmental toxins (e.g.
carbon monoxide, ethylene glycol) on central and peripheral
vestibular function.

• Determine effects of radiation exposure on central and

peripheral vestibular function. I

• Determine the effect of age, stress, isolation, and
immobilization on vestibular function.

Phase 2: Preliminary Countermeasure Development Research

• I)evelop sensitive techniques for early detection of impairment

of peripheral and central vestibular function.

• Develop appropriate evidence-based countermeasures, based

on understanding of physiologic mechanisms.

Pre _0011 _.002I 9.003]Z004 ZOO5120061ZO07 2008

Illllll l lllUll
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ll l

Phase 3: Mature Countermeasure Development Research
ll /

• Testing of normals and vestibular patients using new

techni ues. _ ....

Phase 4: Countermeasure Evaluation & Validation
n/ nil

• If evidence for long duration changes warrants, continue

countermeasure develo ment.
mR i llmmll l i

Phase 5: Operational Implementation of Countermeasure
I

Strategy ' 'i

!
• Retrospective testing of previously flown long duration ' I

crexvnaembers usin_ new techniques, i , I
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Table 8.8 Achieving Goal 8: Improving methods for diagnosis and treatment of vestibular disorders on Earth.

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

_hase 1: Focused Mechanistic Research

• Define the physiological mechanisms responsible for otolith

formation and resorption, and vestibulo-ocular, vestibulo-

collie, and vestibulo-spinal reflex adaptation.

• Define physiological basis of motion sickness, including
sensory conflict and emetic linkage in animal models. Identify

pharmacologic agents which could specifically block the
emetic linkage or increase rate of sensory-motor adaptation.

• Define the role of the vestibular system in cardiovascular

regulation.
• Determine effects of potential environmental toxins (e.g.

carbon monoxide, ethylene glycol) on central and peripheral
vestibular tkmction.

• Determine effects of radiation exposure on central and

peripheral vestibular function.
• Determine the effect of age, stress, isolation, and

immobilization on vestibular sensory epithelia in animal

_ial mechanisms.

Phase 2: Preliminary Countermeasure Development Research

• Develop anti-motion sickness drugs targeted at sensory
conflict, emetic linkage or adaptive mechanisms using animal
models.

ere[

_.001_...._1

Z
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=
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• Evaluate non-pharnlacologic countermeasures for motion
sickness.

• Identify and develop sensory aids and rehabilitation techniques

lbr use by vestibular patients.

• Develop sensitive techniques for early detection of impairment

of vestibular function with particular emphasis on diagnosis of

otolith related pathologies.

• Develop appropriate evidence-based countermeasures, based
on understandin of h siolo ic mechanisms.

Phase 3: Mature Countermeasure Development Research

• Testing of normals and vestibular patients using new
techni ues.

Phase 4: Countermeasure Evaluation & Validation

• Continue countern3easure development.

Phase 5: Operational Implementation of Countermeasure

Strategy

• Deploy cotmtermeasures in a clinical setting.

m_w

l_m

mmmmmmmmm m m

mmmmmmmmm m _m.

tRireme _ i i i

I , 1
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Table 8.9 Countermeasures development status of existing proqram

components
Filled arrows show the current (2001) status, and the open arrows show the phases required during

the next decade
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Some projects are transitioning research products beyond CRL5 this year. For example, the Wall

project is finishing a locomotion evaluation platform which will be used by JSC in testing, and the

Bloomberg project is using some components developed with NSBRI support in JSC astronaut

testing. The Oman project is preparing a proposal for preflight astronaut spatial memo_' training.
and a draft revision of NASA Standard 3000 for work area layout and architecture. The Young
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project team wrote a preliminary plan last year for potential use of an AG countermeasure on a

proposed (but since cancelled) Shuttle/Spacehab mission. There have also been useful negative

results. For example, Dornhoffer recently showed that lorazepam 1 mg. p.o. was ineffective against

laboratory coriolis induced motion sickness.

Realistically not all of the current countermeasures development efforts will be successful. Those

projects which fail to generate countermeasures concepts (Step 3) will be discontinued . When

countermeasures concepts prove ineffective (Step 4), the thrust of the project will be redirected.

Developing an effective working relationship with our NASA scientific and clinical colleagues is a

priority for our team during the next five years. Once countermeasure reliability is established

assessment using preflight/postflight testing (e.g. locomotion and dynamic acuity tests) is relatively

straightforward. Ground facilities needed for neurovestibular research include a neurovestibular

testing laboratory for pre and postflight experiments, equipped with angular, linear, and artificial

gravity stimulus devices, 3D eye movement, whole body kinematic, otolith, posture and locomotion

testing and immersive VR display equipment. Access to the VMS Shuttle landing simulator and the

Shuttle Training Aircraft for studies of landing vertigo and JSC immersive VR facilities for

preflight visual orientation training is also forseen.

Other types of countermeasures (e.g. those involving environmental manipulations such as artificial

gravity) can ultimately only be validated via spaceflight. Unfortunately NASA budget caps and

descoping of planned activities on ISS over the next few years will significantly limit the number of

subjects available initially. Experiments must be carefully planned. Hopefully by the end of this

decade access to space flight and opportunities lbr sophisticated experimentation will increase.

There are several basic human and animal neurovestibular experiments (associated with the

hypothesis testing phase of countermeasures development level 3) that will eventually require

access to ISS and Shuttle crewmembers preflight, inflight and postflight for large n longitudinal

studies. Orbital research facilities include a short or medium radius human centrifuge for both

neurovestibular adaptation research and countermeasure use. Also needed will be second

generation eye, head. and body movement research equipment with capabilities beyond those

currently aboard the ISS-Human Research Facility.
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10.0 NUTRITION, PHYSICAL FITNESS & REHABILITATION

Team Leader: Joanne R. Lupton, Ph.D.

Regents Professor and William W. Allen Endowed Chair
in Human Nutrition

Texas A&M University

213 Kleberg Center, MS 2471

College Station, TX 77843-2471
979-845-0850

979-862-1862 FAX

ilupton@tamu.edu

10.1 INTRODUCTION

Optimal human performance during space exploration requires the maintenance of all
physiological systems, such as cardiovascular capacity, bone mineral density, and skeletal muscle

function. Adequate nutrition and physical fitness affect all physiological functions and are

dependent in part on each other. Not only must energy expended on physical activity be balanced

by appropriate food intake, but also the timing of exercise with respect to food ingestion must be

well planned since it impacts such important physiological effects as uptake of amino acids into

muscle. Thus specific nutrients, ingested at the appropriate time, may help to maintain muscle
mass. In addition, the appropriate combination of foods may result in release of glucose into the
blood over time, and contribute to the maintenance of a high-energy status, which maximizes

physical performance. The critical issues for nutrition are: (1) counteracting the observed

anorexia of space flight; (2) determining nutrient needs to meet modified requirements due to

space flight stressors including microgravity: and (3) developing new strategies including use of
functional foods, supplements, and timing of tbod intake relative to specific activities that will

optimize human performance. Equally important is remaining physically fit. Critical issues for

physical fitness include: (1) development of appropriate protocols with respect to frequency,
duration and intensity of aerobic and resistive exercise: (2) development of appropriate

equipment (relevant to space flight) to maintain aerobic capacity and muscle performance (as

measured by strength and endurance): and (3) optimizing the appropriate timing of exercise

programs with respect to lood intake and other activities (e.g. extra vehicular activity: EVA).
Since physical activity will, in part, determine nutrient needs, and the optimization of nutrient

deliver), will in part depend upon blood flow and muscle mass (which are affected by physical

activity), these two disciplines need to be considered together.

10.2 RISKS

Relevant risks (numbered in parentheses) that may be ameliorated by nutrition and physical

activity interventions are found in many Discipline Areas of the Critical Path Roadmap:

Food and Nutrition:

• Inadequate Nutrition (Malnutrition) (7)
• Human Performance Failure Due to Nutritional Deficiencies (55)

• Difficulty of Rehabilitation Following Landing Due to Nutritional Deficiencies (54)



Muscle Alterations and Atrophy:
• Loss of Skeletal Muscle Mass, Strength. and/or Endurance (28)

• Inability to Perform Tasks Due to Motor Performance, Muscle Endurance, and Disruption
in Structural and Functional Properties of Soft and Hard Connective Tissues of the Axial

Skeleton (29)
• Inability to Sustain Muscle Performance Levels to Meet Demands of Performing

Activities of Varying Intensities (30)
• Propensity to Develop Muscle Injury, Connective Tissue Dysfunction. and Bone Fracture

Due to Deficiencies in Motor Skill, Muscle Strength and Muscular Fatigue (31)

• Impact of Deficits in Skeletal Muscle Structure and Function on other Systems (32)

Bone Loss:

• Acceleration of Osteoporosis (9)

• Fracture/Impaired Fracture Healing (10)

• Injury to Soft Connective Tissue (11)
• Renal Stone Formation (12)

Cardiovascular Alterations:

• Occurrence of Cardiac Dysrhythmias (13)

• Impaired Response to Orthostatic Stress (14)
• Diminished Cardiac Function (15)

• Manifestation of Previously Asymptomatic Cardiovascular Disease (16)

• Impaired Cardiovascular Response to Exercise Stress (17)

Human Behavior and Performance:
• Human Performance Failure Because of Poor Psychosocial Adaptation (18)

• Human Performance Failure Because of Sleep and Circadian Problems (19)

• Human Performance Failure Because of Neurobehaviorai Dysfunction (21)

Immunology, Infection and Hematology:

• lmmunodeficiency/Infections (22}

• Altered Wound Healing (25)
• Altered Host-Microbial Interactions (26)

• Allergies and Hypersensitivity Reactions (27)

Neurovestibular Adaptation:
• Disorientation and Inability to Perform Landing_ Egress, or Other Physical Tasks

Especially During/After G-Level Changes (33)

• Impaired Neuromuscular Coordination and/or Strength (34)
• Impaired Cognitive and/or Physical Performance Due to Motion Sickness Symptoms or

Treatments, Especially During/After G-Level Changes (35)

Radiation Effects:

• Carcinogenesis Caused by Radiation (38)

Clinical Capabilities:
• Altered Pharmacodynamics and Adverse Drug Reactions (45)

• Development and Treatment of Space-Related Decompression Sickness (47)

• Difficulty of Rehabilitation Follow'ing Landing (48)
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Multisystem Alterations:

• Post-landing Alterations in Various Systems Resulting in Severe Performance

Decrements and Injuries (49)

The number of risks impacted by the level of nutrition and physical fitness is enormous,

revealing the very interdisciplinary nature of the concerns of the Nutrition and Physical Fitness
Team. In order to allow for the creation of a well-managed research program, we have modified

the risks into broader "categories" of risk that can then be addressed more readily in our program.

They are as follows:
• Suboptimal Nutritional Status due in part to Microgravity and other Stressors

• Suboptimal Level of Physical Fitness Induced by Microgravity and other Stressors
• Diminution of Skeletal Muscle Function

• Reduced Cardiovascular Capacity
• Radiation Enhanced Development of Cancer

• Decreased Cognitive Function

• Alterations in Sleep Patterns

• Poor Psychosocial Adaptation

• Depressed Immune Function
• Loss of Bone Mineral Density

10.2 GOALS

The Nutrition. Physical Fitness and Rehabilitation Team has the following goals for its program.

Risk-Based Goals

Goal 1: Reduce Risk of Suboptimal Nutritional Status

Goal 2: Reduce Risk of Suboptimal Pl_vsical Fitness

Goal 3: Reduce Risk of Diminution ¢?fSkeletal Muscle Function

Goal 4: Reduce Risk ¢_fReduced Cardiovascular ('apacity

Goal 5: Reduce Risk of Radiation Enhanced Development t?[Cancer

Goal 6: Reduce Risk of Decreased Cognitive Function

Goal 7: Reduce Risk of Alterations in Sleep Patterns

Goal 8: Reduce Risk of Poor P6ychosocial Adaptation

Goal 9: Reduce Risk oJDepressed hnmune Function

Goal 10: Reduce Risk of Loss of Bone Mineral Densi O'
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Non Risk-Based Goals

Goal 11: Develop Monitoring methods .]-or assessment of food intake and physical

activity.

Goal 12: Develop noninvasive techniques ,for assessing the effectiveness of diet and

physical fitness interventions.

Goal 13: Develop Earth-based Applications for diet and physical fitness interventions

Goal 14: Integrate Research and Analysis

10.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Nutrition and Physical Fitness team will develop countermeasures to most but not all of the

risks noted in Section 9.2 above. Our primary immediate area of focus is on goals 1-5 and 11-13.

Goal 1 (Reduce Risk of Suboptimal Nutritional Status) and Goal 2 (Reduce Risk of Suboptimal

Physical Fitness) are our two primary goals. In fact, these two goals underlie all of the others,
since if an individual is not physically fit and nutritionally replete, every organ system will be

affected. The third goal (Reduce Risk of Diminution of Skeletal Muscle Function) is the focus of
four of the five current research projects and has served to integrate nutrition and physical fitness

in our current team program. Goal Four (Reduce Risk of Reduced Cardiovascular Capacity)
follows from Goal 2, since optimal physical fitness will. by definition, improve cardiovascular

capacity. Goal 5 (Reduce Risk of Radiation Enhanced Development of Cancer) is also addressed
by the current research program with the Lupton radiation and colon cancer model. Additional

non risk-based goals include developing monitoring systems for food intake and exercise which
are noninvasive and require as little crew input as possible (Goal 11 ) and developing noninvasive

techniques for assessing the effectiveness of diet and physical fitness interventions (Goal 12).
Finally, nutrition and physical fitness countermeasures lend themselves very well to the

development of Earth-based applications (Goal 13). For example, a well-designed amino acid

supplement could improve protein synthesis not only in space but also on Earth and may be

effective for patients with muscle loss due to stress, wasting, burns, etc. As another example, a
resistance exercise device that effectively helps maintain muscle mass can also be used for

individuals in nursing homes, under bed rest conditions, etc.

Although the potential impact of diet and exercise on reducing the risk of decreased cognitive
function (Goal 6); alterations in sleep patterns (Goal 7); and the risk of poor psychosocial

adaptation (Goal 8) is very strong, the basic science of how diet and exercise impact these risks is

not as fully developed as it is for the other goals. For that reason we will concentrate our initial
efforts in those areas where we expect to see the most immediate use of countermeasures based

on strong basic science. Similarly, Goal 9 (reduce risk of depressed immune function) and Goal
10 (reduce risk of loss of bone mineral density) will not be a major component o1" the Nutrition

and Physical Fitness Team's research agenda until the team becomes more mature. The specific

risks of space flight to immune function are just now being elucidated. When the risks are more

clearly defined, the diet and exercise countermeasures will be able to be developed in a more

targeted manner. With respect to bone mineral density. NSBR1 has a strong bone team, which

has a variety of countermeasure approaches to this problem. In addition, NASA has a strong

nutrition team with solid expertise in calcium metabolism and bone turnover. For these reasons
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we have chosen,at this time, to measureindicatorsof immune function and bone health in
projectsasappropriate,to cooperate/collaboratewith NASA scientistsin theseareas,but not to
havethemasprimaryareasof focusin this initial period.

The Nutrition andPhysicalFitnessTeamis new,andbecameoperationalin 2001. It presently
consistsof threenutrition countermeasureprojects(Lupton, Wolfe, and Tobin), an "in flight"
physical fitnessproject (Schneider)which is at the feasibility stage,and a modeling project
(Cabrera)which was recentlyassignedto theteamfrom the former HumanIntegratedFunction
Team. Table 10.1,entitled"Current ProjectResearchActivities," summarizesfor eachcurrent
Nutrition andPhysicalFitnessTeamproject whatrisks areaddressed,the experimentalsystem,
the countermeasuretargetand whethera projectis partof the strategicstepsof Phase1, 2 or 3
Activities.

Specifically,Nutritional Countermeasures to Radiation Exposure, JR Lupton, PI, Texas A&M
University, is testing the hypothesis that a particular diet intervention (an n-3 lipid and
fermentable fiber combination) in rats should protect against radiation-enhanced colon cancer by

targeting DNA damaged cells for apoptotic removal. It is directed to Goal 5: Reduce Risk of

Radiation Enhanced Development of Cancer and will also contribute to Goal 1. Rats receive one
of four diets, are exposed to heavy iron radiation at Brookhaven National, Laboratory and are

injected (or not) with a colon specific carcinogen. A variety of measurements are taken at three

stages of the tumorigenic process (initiation, promotion, and final tumor development). This

project also has a noninvasive component of monitoring changes in gene expression over time as
a result of radiation and carcinogen exposure using microarray technology. If validated in rats,

the diets and techniques can be modified for future studies in humans. This noninvasive

technology is also directed at Goal 12: Develop noninvasive techniques for assessing the

effectiveness of diet and physical fitness interventions.

Skeletal Muscle Response to Bed Rest and Cortisol Induced Stress, R. R. Wolfe, Pl, University
of Texas Medical Branch at Galveston, is testing an amino acid supplement designed to

ameliorate muscle wasting induced by stress-and microgravity-induced depression of protein

synthesis in a bed rest study. The study consists of 12 individuals with or without consumption of

the supplement in a 30-day bed rest trial. A unique feature of this study is the use of a cortisol
infusion at two times during the intervention period to mimic (in part) the documented elevated

cortisol levels during space flight. Although primarily targeted to Goal 3: Reduce Risk of
Diminution of Skeletal Muscle Function, we have considered this bed rest study to be our

cornerstone project and have added a large number of ancilla_' grants which use the bed rest
model and the nutritional intervention to address issues related to other goals. These _'add on"

projects will be discussed further in reference to Goal 14: Integrate Research and Analysis. To
summarize here, separate projects working off of the Wolfe bed rest study are targeted to: Goal

1: Reduce Risk of Suboptimal Nutritional Status: Goal 2: Reduce Risk of Suboptimal Physical
Fitness: Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function: Goal 9: Reduce Risk

of Depressed Immune Function: Goal 10: Reduce Risk of l,oss of Bone Mineral Density; and

Goal 14: Integrate Research and Analysis.

Nutritional Modulation of Pancreatic Endocrine Function in Microgravit)'. B. W. Tobin, PI.

Mercer University School of Medicine, will determine amino acid counternleasure effects on
endocrine function of human pancreatic islets of Langerhans with tile goal to optimizing insulin

svnthesis and secretion under microgravity conditions. Dr. "lobin uses human pancreatic islet

cells cultured on static plates or in a high aspect ratio vessel (HARV) designed to replicate some
of the conditions of microgravity. The goal of this research project is to determine holy different
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physiologicalconditions,characterizedby overor underexpressionof certainhormones,affect
insulin secretionandto developanaminoacidcombinationthat will optimizethis secretion.In
becomingpart of the Nutrition and PhysicalFitnessTeam,Dr. Tobin hasaddeda myocyte
culturemodel to determinethe effect of maximizinginsulin secretionon musclecell response.
In addition to targeting Goal 1 (as do all nutrition basedprojects), this project specifically
addressesGoal 3: ReduceRisk of Diminution of SkeletalMuscle Function,since uptakeof
amino acids into muscle is governedby insulin. Optimal insulin synthesisshouldmaximize
uptakeof aminoacids into muscleandthusenhancemuscleproteinsynthesis.The othergoal
targetedby this researchproject is Goal 14: IntegrateResearchandAnalysis.This goal will be
described more fully later under Goal 14, but briefly stated, Tobin's project is using the amino

acid levels found in blood of subjects from Wolfe's bed rest study who have received his amino

acid supplement. Thus, there is integration between these two projects.

Treadmill Exercise as a Countermeasure Jbr MicrograviO, Deconditioning, S. M. Schneider, PI,

University of New Mexico, will evaluate, in flight, the effectiveness of two treadmill
countermeasures to maintain aerobic capacity and leg strength, prevent increases in bone

resorption and help prevent muscle atrophy. The anticipated countermeasure resulting from this

research program will be an optimally designed treadmill, with a protocol that maximizes the
above outcome measures, and is achieved with the least time expenditure. This research targets

Goals 2, 3, 4, and 10.

Metabolic Adaptations of Skeletal Muscle to Training/Detraining. A Systems Model, M. E.

Cabrera, PI, Case Western Reserve University, uses mathematical modeling to perform

quantitative predictions of work capacity after periods of training/detraining. These models and
predictive equations are based on data from animal and human studies and will provide a

framework for quantitative understanding of the skeletal muscle metabolic adaptations to periods
of training and detraining. Part of the database used in these predictive equations is nutritional
intbrmation or metabolic status. Therefore, this research project serves to integrate nutrition and

physical fitness and targets goals 1.2, and 3. as well as, goal 14, integration.

We anticipate that the ground based research summarized above, combined with future projects
discussed below, will eventually result in three fundamental countermeasure strategies to provide

optimal nutrition and physical fitness, which in turn will ameliorate the risks shown in section

10.2. These general, broad-based strategies are summarized below.

l) Development of the rationale and mechanistic ./ust(lication for a combination of

traditional and targeted fimctional foods which are highly palatable and designed to minimize
the risks summarized in section 9.2. without negatively impacting either ,food intake or other

risks for which they may not be speci/_cally targeted. For example, an amino acid supplement

designed to enhance protein synthesis should not depress immune response or negatively impact
bone health. A coordinated effort at the team level is required to achieve this goal. Some of

these foods/supplements will be general to meet the nutrient requirements for all individuals in

space. Others may need to be task specific, e.g. time-release energy tbods for prolonged activity
without additional food intake such as may be experienced during EVA. Although it is not the

goal of the nutrition team to develop the foods and supplements, it is a team goal to determine

the requirements for what should be in those foods/supplements.

2) Development o/an exercise protocol, and the appropriate equipment to maximize both

muscle strength, lean body mass. bone strength, and aerobic capaciO'. Studies will be designed
to determine the optimal as well as minimal prescription for frequency, duration, and intensity of
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the exercise countermeasure to obtain the most time efficient method to maintain muscle and

cardiovascular capacity. Traditionally, this prescription is considered to involve two types of

exercise protocols (resistance training and aerobic exercise), but where possible, their integration

should be a priority. For example the Schneider project involves optimizing protocols for
treadmill exercise. This form of exercise is typically considered an aerobic exercise, but properly

structured with appropriate force and heel strike requirements; it may also contribute to leg

muscle strength and potentially have a positive effect on bone strength (outcomes which are

being tested with the proposed protocol). The overall intention of the physical fitness program is

to produce the most physically fit individual (from both a strength and aerobic viewpoint) in the
least amount of time. Since exercise takes time from other tasks and also requires energy input,

which means greater food intake, accomplishing this task will have many benefits. In addition,

the Nutrition and Physical Fitness Team is aware that different forms of preflight and in-flight

physical exercise are a major countermeasure thrust for the Muscle Team and will work with the
Muscle Team to coordinate and maximize the effectiveness of our collective programs to address

shared goals.

3) Development of a strategy of timing of._od intake with respect to physical activiO,.
This countermeasure plan will be key to the overall health of individuals in space. Often

overlooked, when one eats with respect to when one exercises has important consequences for

overall utilization of nutrients and for human performance. The current recommendations for

food intake timing with respect to exercise as practiced in flight are not based on strong scientific

studies. A scientific basis for the timing of food intake and exercise prescriptions is needed. For

example, R. Wolfe has shown in human studies, that providing amino acids prior to rather than
after an exercise bout will enhance protein synthesis by up to three fold. Also, the appropriate
combination of foods or new functional foods with time release components could provide a

certain level of blood glucose over extended periods of time so that exercise or other tasks such

as EVA could be performed without stopping to eat.

Keeping these three overarching countermeasure strategies in mind. the following is a discussion
of the current status and future plans of the program with respect to the ten risk-based and four

non-risk based goals defined in section 10.3. As noted above, goals 1 and 2 are considered

central to all of the other goals. They are ( 1) Reduce Risk of Suboptimal Nutritional Status and

(2) Reduce Risk of Suboptimal Physical Fitness. With respect to Goal 1, designing optimal diets

for individuals in space is not just taking the recommended dietar?' reference intake values

(DRIs) developed for Americans and Canadians and modifying them for microgravity conditions.

Optimal nutritional status for maximal performance both in space and for optimal health after

space flight has to be more than meeting minimal RDI requirements. One needs to ask the
question, "Optimal for what?", and in this case it is for maintaining muscle strength, bone mass,
immune function, etc. This fact means that all of the nutrition projects (Lupton, Wolfe and

Tobin) are addressing various aspects of what would represent optimal nutrition - Lupton from a

view towards protecting against radiation-enhanced cancer: Wolfe and Tobin from the viewpoint

of maintaining muscle mass through amino acid uptake into muscle and appropriate insulin

response. However, this view also means that many aspects of "'optimal nutrition" are not

currently being addressed. The most critical gap in meeting this goal is the absence of a program
that deals with the anorexia of space flight. If one does not consume sufficient food, no matter

how well designed the food is, the individual will not be nutritionally replete. Although clearly a

muitifactorial problem involving such diverse factors as psychosocial interactions, scheduling
tasks, food palatability' and ease of access and preparation, nausea and gastrointestinal

disturbances, there appears to be a less clear, additional, causative factor induced by microgravity

which is independent of other factors and results in diminished food intake. Alleviating this
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anorexia of space flight is a high priority for the Nutrition and Physical Fitness Team and was the

basis for a listed priority item in the recent request for proposals in the last combined
NASA/NSBRI funding announcement. The Team has benefited greatly from the combined

expertise of Helen Lane and Scott Smith from NASA/JSC who know what has been tried in the

past, what works and what does not work with respect to nutrition. These two individuals are on
our team, are an integral part of our meetings and conference calls, and will assist in resolving

this issue.

With respect to Goal 2 (Reduce Risk of Suboptimal Physical Fitness), again, development of
successful countermeasures to meet this goal underlies all of the other goals. In many ways,

there are already potential countermeasures at a high stage of development (exercise equipment

and protocols) and with further relatively simple studies we could have countermeasures in place

within a rapid time frame. The Schneider protocol is an example of such a study, which really
tests the duration and intensity of treadmill exercise required to meet several "success" criteria.

Studies such as this one will provide the scientific basis for exercise prescriptions. The Nutrition

and Physical Fitness Team sees Goal 2 as being very practically oriented, rather than at the level
of basic science. Protocols to be tested need to be ones that can be used in space and should aim

towards the maximum benefits in the shortest amount of time. If funding for this team were

increased, our next two subgoals within this goal would be: first, to have an exercise intervention
which involves both aerobic and resistive training and second, to initiate a study designed to

integrate exercise with diet (such as a study that would use the same protocol as the Wolfe bed

rest study). This suggestion was also part of the request for proposals that went out in response
to the combined NASA/NSBRI grants program in late 2001.

Goal 3 (Reduce Risk of Diminution of Skeletal Muscle Function) is the primary research focus of

the current program, and four out of the five projects address this goal (Wolfe, Yobin. Schneider,
Cabrera). The problem addressed is that muscular inactivity leads to decreased protein synthesis.

This problem is compounded by the fact that stress (mediated by moderate hypercortisolemia)

leads to increased protein breakdown. The combined effect of decreased synthesis and increased
breakdown results in loss of skeletal muscle mass. which leads to loss of muscle strength. This

compromises crew capabilities, including EVA or potential emergency egress. Countermeasures
to these risks include an amino acid supplement designed to enhance protein synthesis (Wolfe

hedrest stud)') which should also enhance insulin secretion and thus amino acid uptake into

muscle and muscle synthesis (Tbhin, insulin secretion). This dietaB_' countermeasure, combined

with an appropriate treadmill exercise should help maintain leg strength and aerobic capacity

(Schneider, treadmill), positively afl_cting both muscle strength and uptake of amino acids into
muscle for protein synthesis. Finally, the newest addition to the team (Cabrera. modeling

adaptations of skeletal muscle), will take data from the Wolfe, Tobin and Schneider programs
and combine it with existing data from previously conducted research, to develop equations that

will predict work capacity after periods of training/detraining. Progress towards achieving this

goal is advancing, and the goal is adequately addressed by current research projects. In addition,

as we more fully integrate with the Muscle Team (See Goal #14), our combined strengths in this

area position us to advance rapidly through phases of countermeasure development.

Goal 4 (Reduce Risk of Reduced Cardiovascular Capacity) is partially addressed by the

Schneider treadmill project. Additional aerobic exercise based protocols proposed by this team
or others could serve to reduce further the risk of diminished cardiovascular capacity. The

NSBRI cardiovascular team is also tackling various aspects of this problem directly. Given

limited resources, therefore, our Team does not recommend a new project specifically targeted to

cardiovascular capacity that is independent of enhancing aerobic capacity.
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Goal 5 (Reduce Risk of Radiation Enhanced Development of Cancer) is currently being

addressed by the Lupton project. Risks to personnel in space from radiation exposure are
considered to be a tier one problem by NASA. A primary risk of radiation exposure is later

cancer development. Of all the cancers, colon cancer is the second leading cause of death from
cancer in the United States today. It strikes men and women equally. On the positive side, it is

the cancer most amenable to diet intervention. Thus, studying mechanisms by which we can

protect against the development of this cancer with respect to previous radiation exposure is

important. To maximize our effectiveness in addressing this goal, future plans involve adding on

projects to work off of the Lupton rat study, since rats irradiated at Brookhaven and kept through
until tumor formation are a valuable resource that should be shared wherever possible. In

addition, we plan to collaborate more closely with the Radiation Team in the future, in particular

with Dr. Ann Kennedy. who also has a diet/radiation project using antioxidants.

Goal 6: Reduce Risk of Decreased Cognitive Function; Goal 7: Reduce Risk of Alterations in

Sleep Patterns; Goal 8: Reduce Risk of Poor Psychosocial Adaptation are not part of the current

program and are not anticipated to be part of the program in the near future. However, these are

important risks, which are amenable to diet and/or exercise interventions. Nutrition and Physical
Fitness are both interventions that affect all body systems and almost every risk. The challenge is

to concentrate on those risks that have the best science base already established so that the

NSBRI program can more rapidly achieve production of countermeasures. Goals 6,7 and 8 are at
an early stage of scientific knowledge and therefore will be part of the program in the future

rather than at this time.

Goal 9: Reduce Risk of Depressed Immune Function will not be addressed at this time. As

mentioned above, the key risks of space flight to compromised immune function are being

defined at this time. Therefore. the science is somewhat less mature than that for how muscle

behaves during flight. For that reason, this goal will not be a primars' area of research focus at
this time. However, we currently' have two projects related to this goal which are working off the

Wolfe bedrest study: (1) Effects of bed-rest on immune and in/lammatoo' reaction and it "s
modulation by corticosteroids, P. Uchakin. Pl, Mercer University. Uchakin's hypothesis is that

stress duringinactivity' alters the balance between cell-mediated and humoral immunity. (2)

EfJects of prolonged bedrest on herpesvirus-spec!/ic immuniO. R. Stowe, PI, UTMB. The
group's hypothesis is that prolonged bedrest will result in increased reactivation of latent herpes

viruses.

Goal 10: Reduce Risk of Loss of Bone Mineral Density is addressed by a collaborative effort

with R.Wolfe on the cornerstone bedrest study: The e[fect 0[ bed rest and amino acid

supplementation on bone markers oflcalcium metabolism. S. M. Smith, Pl. NASA, JSC. Smith's

hypothesis is that amino acid supplementation will reduce calcium excretion from bones via its
effects on skeletal muscle.

The non risk-based goals are at various levels of development at this time. Goal 11 : Monitoring
Methods for Assessment of Food Intake and Physical Activity is being handled well by NASA

but could be optimized with back up systems (for measuring exercise specifically). D. Hagan,
Leader for exercise/physical fitness at NASA/JSC. is a member of our team, and we will work

closely' with him in the future to improve this monitoring system. Goal 12: Develop Noninvasive
Technologies for Assessing the Effectiveness of Diet and Physical Fitness Interventions is in its

infancy. One important aspect of the Lupton project is the use of microarray technology on
mRNA from fecal material to see which genes are turned on or off during particular diet
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interventions,which onesareaffectedby radiationexposure,and how thesegenearraypatterns
predictfor a varietyof endpoints. This patentedtechniqueis well developedin therat, andthe
planis to laterapply it to humans. As notedpreviously,diet andphysicalfitnessinterventions
lend themselvesvery well to Earth-basedapplications(Goal 13). In particular,we envisiona
proteinsupplementthatwill enhanceaminoaciduptakeintomuscleandmuscleproteinsynthesis
asa result of the Wolfe bedrest study. This supplementwill also beuseful for individualson
Earthwho havemusclewastingdue to a varietyof causes.We alsoenvisiona supplementof
omega3 fatty acidscombinedwith pectin (a fermentablefiber) which mayprotectagainstboth
oxidativeandalkylationdamageto colonicDNA. With coloncancerthesecondleadingcauseof
death from cancerin the US today, such a supplementcould prove to be very beneficial.
Modificationsto atreadmill and developingstrategiesfor simultaneouslyenhancingleg muscle
strengthalongwith aerobiccapacitywould alsocertainlybewelcomefor manypeoplein theUS
whoneedto getthemaximumbenefitfrom exercisein theminimumamountof time.

Goal 14: IntegrateResearchand Analysis hasalreadybeena major part of the Nutrition and
PhysicalFitnessTeam. This goal includes efforts to enhancethe interactionof individual
Nutrition andPhysicalFitnessTeaminvestigators:a) amongthecurrentteam'sinfrastructure,b)
amonginvestigatorswithin otherteams(eg.Muscle,RadiationTeams),andc) with investigators
not formally associatedwith the NSBRI. The activities will allow us to greatlyexpandthe
resourcesof theNSBRIandtheability to tackletherisksof spacetravel. Table 10.2summarizes
our currentefforts at integration. In addition to strongcollaborationswithin our team,a few
examplesof integration of the Nutrition and Physical Fitness Team with other teams or
researchersoutsideof the NSBRI are as follows: Lupton is collaboratingwith Judex(Bone
Team) in supplyingrat hind limbs from irradiatedrats on differentdiets. The Wolfe bed rest
studyis a true collaborativeeffort with thefollowing investigators/projects:P.Uchakin,Mercer
University,testing the hypothesisthat stressduring inactivity alters the balancebetweencell-
mediatedand humoral immunity; S. M. Smith, NASA, JSC,The effectof bedrestandamino
acidsupplementationon bonemarkersof calciummetabolism:R.R. Fitts, MarquetteUniversity.
Theeffectof prolongedbedrestandaminoacid supplementationon musclefiber function: and
R. S/owe, UTMB, Effects of prolonged bedreston herpesvirus-specificimmunity. Similar
measurementsto the Stowe bedreststudy are also beingperformedon the Shuttleand ISS
crewmembers,and sothe Stowestudywould serveto complementin-flight work. Additional
collaborativeproiectswith the Wolfe study include: T.P. Stein, UMD-NJ, Doesbed rest +
hypercortisolemialead to increasedoxidative stressduring the recover?'phase?;H W Lane,
NASA, JSC,Theeffectof bedrestandaminoacidsupplementationonmuscleenergyproduction
during exercise.In addition to collaborativeprojects, severalpeoplewho were not directly
fundedwith NSBR[ grantshavebecomeanactivepart of our team. They includeHelenLane
and ScottSmith from NASA/JSCin the areaof nutrition andDon Hagan,alsoNASA/JSC,in
physicalfitness. Theseclosetiesto NASA enabletheNutrition andPhysicalFitnessTeamto be
up to dateon themost recentcountermeasureapproachesto addressingnutrition andphysical
fitnessrelatedrisks.

10.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Goal 1: Reduce Risk of Suboptimal Nutritional Status

Objective IA. Assess Risk and/or Determine Level of Acceptable Risk
• Initiate a project that determines the metabolic basis of the anorexia of space flight if

funds become available from NSBRI/NASA.
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• Complete project to determine the combined effect of radiation and a colon

carcinogen on the development of colon cancer and the level of risk caused by each

type of DNA damage, individually and collectively (Lupton)

Objective 1B. Determine Mechanisms
• Complete project to determine effect of microgravity on insulin secretion and muscle

metabolism (Tobin)

• Complete project to determine how and why specific diets protect against radiation

and carcinogen induced DNA damage (Lupton)
• Complete project to determine if an amino acid supplement enhances protein

synthesis during bed rest and cortisol infusion (Wolfe)

Objective 1C. Develop Countermeasures
• Complete project to develop diet intervention that ameliorates muscle wasting and

therefore helps to reduce risk of suboptimal nutritional status (Wolfe)

• Complete project to develop fiber/fat supplement that ameliorates DNA damage

(Lupton)
• Complete project that will develop the ideal ratio of amino acids to maximize insulin

secretion and myocyte uptake facilitated by insulin which can later be made into a

supplement (Tobin)

Goal 2: Reduce Risk of Suboptimal Physical Fitness

Objective 2A. Assess Risk and/or Determine Level of Acceptable Risk

Objective 2B. Determine Mechanisms
• Complete project to determine if treadmill exercise, properly configured, can also

benefit bone health and muscle strength (Schneider).

Objective 2C. Develop Countermeasures
• Complete project to determine the optimal duration and intensity of treadmill exercise

to ameliorate loss of muscle strength and loss of aerobic capacity (Schneider).

• If funding for this team were increased, determine the optimal combination of aerobic
and resistance exercise, preferably in combination.

• If funding for this team were increased, integrate exercise with diet to determine the
best combination with respect to both type and amount of food and exercise, and

timing of one with respect to the other.

Goal 3: Reduce Risk of Diminution q/Skeletal Muscle Function

Obiective 3A. Assess Risk and/or Determine Level of Acceptable Risk

Objective 3B. Determine Mechanisms
• Complete project to determine effect of microgravity on insulin secretion and muscle

metabolism and myocyte response (Tobin)

Objective 3C. Develop Countermeasures
• Complete project to develop diet intervention that promotes protein synthesis in

muscle and ameliorates muscle wasting (Wolfe)

• Complete project to develop optimal physical fitness protocols for space that will
serve to maintain skeletal muscle function (Schneider)

• Develop equations that can be used to predict for work capacity after periods of

training/detraining (Cabrero)
• Working with the Muscle Team, integrate the proposed countermeasures between

teams

Goal 4: Reduce Risk of Reduced Cardiovascular Capacity

Obiective 4A. Assess Risk and/or Determine Level of Acceptable Risk
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Objective 4B. Determine Mechanisms

Objective 4C. Develop Countermeasures
• Complete project to develop optimal physical fitness protocols for space (Schneider)

Goal 5: Reduce Risk of Radiation Enhanced Development of Cancer

Objective 5A. Assess Risk and/or Determine Level of Acceptable Risk

• Complete project to determine the additive or synergistic effect of radiation and a

colon specific carcinogen on tumor development (Lupton)

Obiective 5B. Determine Mechanisms
• Complete project to determine how radiation and carcinogen result in greater DNA

damage than either alone (Lupton).
• Complete project to determine how diet is protective against the development of

radiation-enhanced colon carcinogenesis (Lupton)

Ob}ective 5C. Develop Countermeasures
• Complete project to develop diet intervention that protects against radiation-induced

cancers (Lupton)

Although the next three goals (6,7,8) represent important risks, which are amenable to diet and/or
exercise interventions, a stronger science base is required before we can effectively target
countermeasures to these risk areas. For that reason the Nutrition and Physical Fitness Team

does not have specific strategic activities in support of these goals at this time.

Goal 6: Reduce Risk ofDecreased Cognitive Function

Objective 6A. Assess Risk and/or Determine Level of Acceptable Risk

Objective 6B. Determine Mechanisms
• Initiate a project to determine how diet and/or exercise could potentially ameliorate

the risk of decreased cognitive function. ]'his would be possible if funding became

available

Objective 6C. Develop Countermeasures

Goal 7: Reduce Risk q/Alterations in Sleep Patterns

Obiective 7A. Assess Risk and/or Determine Level of Acceptable Risk

Objective 7B. Determine Mechanisms
• Initiate a project to determine how diet and/or exercise could potentially ameliorate

the risk of alterations in sleep patterns. This would be possible if funding became

available

Objective 7C. Develop Countermeasures

Goal 8: Reduce Risk of Poor Psychosocial Adaptation

Objective 8A. Assess Risk and/or Determine Level of Acceptable Risk

Objective 8B. Determine Mechanisms
• Initiate a project to determine how diet and/or exercise could potentially ameliorate

the risk of poor psychosocial adaptation. This _ouid be possible if funding became
available

Objective 8C. Develop Countermeasures

Goal 9: Reduce Risk ofl Depressed Immune Function

Objective 9A. Assess Risk and/or Determine Level of Acceptable Risk

Objective 9B. Determine Mechanisms
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• Complete project to determine how bed rest and corticosteroids affect immune and
inflammatory reactions (Uchakin, collaboration with Wolfe).

• Complete project to determine if prolonged bedrest will result in increased
reactivation of latent herpesviruses (R. Stowe, collaboration with Wolfe).

Objective 9C. Develop Countermeasures

Goal 10: Reduce Risk of Loss of Bone Mineral Density

Obiective 10A. Assess Risk and/or Determine Level Of Acceptable Risk

Objective 10B. Determine Mechanisms

Objective 10C. Develop Countermeasures
• Complete project to develop optimal physical fitness protocols for space (Schneider)

• Complete project to determine if the amino acid supplement in the Wolfe bedrest

study also ameliorates loss of bone mineral density (S. M. Smith, collaboration with

Wolfe).

Goal 11: Develop Monitoring Methods for Assessment of Food Intake and Physical Activity
• Work with NASA/JSC to optimize monitoring methods

Goal 12: Develop Noninvasive Techniques./br Assessing the Effectiveness o[Diet and Physical

Fitness Interventions

• Complete project to determine which changes in gene expression predict for later

tumor development (Lupton) in rats.

• Using these markers (noted above) optimize protocols for their applications to
humans.

Goal 13: Develop Earth-based Applicationsjbr Diet and Physical Fitness Interventions
Objective 13A. Develop a protein supplement that will enhance amino acid synthesis and can

be used in conditions of muscle wasting.

Objective 13B. Develop an omega 3/fiber combination supplement that may be used to

protect against colon cancer.
Obiective 13C. Develop appropriate modifications and exercise prescriptions for treadmill

exercise that may benefit individuals both aerobically and with respect to strength.

Goal 14: Integrate Research and Analysis
Objective 14A. Integrate Research Within the Nutrition and Physical Fitness Team.

• Continue current integration efforts among the Nutrition and Physical Fitness Team

investigators as summarized in Table 10.2.
• Use Wolfe amino acid supplement in Tobin project and complete both projects

• Complete collaborative project between Wolfe and Uchakin (part of Yobin project) to

determine the impact of amino acid supplement and bedrest on immune response.
• Use data from all projects within the team to become part of the mathematical

modeling project and complete modeling project (Cabrera)

Objective 14B. Integrate Research With Other Teams. Using Modeling as well as Other

Approaches.
• Complete synergy project between Lupton (Nutrition) and Judex (Bone).
• Use of common diet and exercise protocols

Obiective 14C. Integrate Research with Scientists Outside of NSBRI
• Complete integrative project between Wolfe bedrest study and S. M. Smith. NASA/

JSC, on the effect of amino acid supplementation on bone markers of calcium

metabolism.
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• Completecollaborativeprojectwith R.R. Fitts, MarquetteUniversity, andthe Wolfe
bedreststudyon the effectof prolongedbedrest andaminoacidsupplementationon
musclefiber function.

• Completecollaborativeprojectwith R Stowe,UTMB, andtheWolfe bedreststudyon
the effects of prolonged bedrest on herpesvirus-specificimmunity. These
measurementsare also beingperformedon the Shuttleand ISS crewmembersand
would serveto complementin-flight work

• Completecollaborativeprojectwith the Wolfe studyand T.P. Stein, UMD-NJ, on
whetheror not bedrest+ hypercortisolemialeadsto increasedoxidativestressduring
therecoveryphase.

• Completecollaborativeprojectwith theWolfe studyandH W Lane,NASA, JSC,on
the effect of bed restand aminoacid supplementationon muscleenergyproduction
duringexercise

• Continuecollaborativepartnershipswith H. W. Lane,S. M. Smithand D. Haganat
NASA/JSCto seekoutareasin whichwecanwork togethertowardscommongoals.

10.6 SUMMARY

In thenext3-5years,theNutrition andPhysicalFitnessTeamshouldbeableto implementboth
the fundamentalandappliedresearchprogramsthat addressthe identified risksoutlined in this
ResearchPlan.As discussedin the plan, the primary unifying goal at the onsetis to develop
countermeasuresto diminution of skeletalmusclefunction(Goal 3). Fourof our five currently
fundedprojects are targetedto this goal. One of theseprojectswill allow us to understand,
mechanistically,how,'bedrestandheightenedcortisol levelsaffectmuscleproteinsynthesisand
how an aminoacid supplementcanamelioratethe risks of muscleatrophy. From the second
project,we will understandat a basic level the amin.oacid requirementsfor efficient insulin
synthesisand secretion,and how insulin secretioncanbeoptimizedwith anappropriateamino
acid supplement.Adding to our appliedoutcomeknowledgebasewill be information from the
third project,which will delineatehow oftenandwhat intensitytreadmill exerciseis requiredto
maintain leg muscle strengthand aerobic capacity (also achieving Goal 4). Finally, our
mathematicalmodelingprojectwill takedatafrom thethreeprojectsmentionedabove,plusother
NSBR! projectsandresearchin the literature,anddeveloppredictiveequationsto determine,in
advance,how an individual in spacewill perform(from ametabolicandfitnessviewpoint) when
tbllowing a specificexerciseregimen. The integration(Goal 14)of thesefour projectstowards
thiscommongoal is shownin Figure10.1. This focusonmusclefunctionwill alsoserveto help
meetour first two goals,which involveoptimizing nutritionalstatusandphysicalfitness. Earth-
basedbenefits will be generatedfrom the projects targetedto maintainingmuscle massand
strength(Goal 13). Suchbenefits include appropriatefoods/supplementsto enhanceprotein
synthesisin musclewastingstatesandto optimizemusclestrengthusingexerciseprotocols. The
timelinefor accomplishingthetaskstargetedto Goal3areshownin Table !0.3.

Another major accomplishmentenvisionedduring this time flame is an understandingof the
mechanismby which radiationexposureand exposureto a carcinogencan interactto promote
colon cancerdevelopment(Goal 5). Further,the nutritional countermeasureto combatDNA
damagefrom radiationwill beidentifiedandestablishedwith sufficient substantialdatatojustify'
a humanclinical application.

In addition,one of the most significantaccomplishmentsover the next five yearswill be the
combinedfindingsof thesevenancillary'projectsthat areusingtheWolfe bedreststudyastheir
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source of material. Figure 10.2 shows the synergistic nature and areas of research that will be

completed using the same subjects and intervention protocol of the Wolfe study. Not only will

these results provide important data independently, but also the fact that they all use the same

subjects and interventions will provide a rich database for comparisons between the outcome
variables. At the end of this study, we will know not only how and if an amino acid supplement

protects against depressed protein synthesis but also how this intervention affects immune

response, muscle fiber type, markers of bone health, oxidative stress and muscle energy

production.

The overarching aim of the NSBRI Nutrition and Physical Fitness program is to provide

diet/functional food/supplement countermeasures which optimize nutritional status and exercise

countermeasures which optimize physical fitness that, when combined, maximize the

effectiveness of each.

Figure 10.1. This figure illustrates the integration of four of the five currently funded projects

that are targeted towards the common goal of maintaining muscle mass and strength

National Space Biomedical Research Institute

Integration ot"4 projects
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- Muscular inactivity _ protein

synthesis

- Stress (mediated by

moderate hypercortiso_emia)

fl protein breakdown

- Loss of skeletal muscle mass

_._ _ muscle strength

- (Compromises crew

capabilities, e.g

extravehicular activities,

emergency egress)

The countermeasures
An amino acid supplement

should enhance protein

synthesis (Wolfe bedrest study)

- An amino acid supplement

should enhance insulin

secretion and thus amino acid

uptake into muscle (Tobm.

msuhn secretion)

- Appropriate treadmill exercise

should help maintain leg

strength and aerobic capacity

(Schneider, treadmill)

- Mathematical modeling will

allow for prediction of the

effects of different exercise

protocols (Cabrera, modeling)
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Figure 10.2. Synergy projects based on the Wolfe bed rest study

National Space Biomedical Research Institute
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Table 10.1. Project Research Activities

Pl/Project

CABRERA/Metabolic

Adaptations of Skeletal Muscle to
Training/Detraining. A Systems
Model

LUPTONrNutritional
Countermeasures to Radiation

Exposure

SCH N EIDER/'I readnlill
Exercise as a Countermeasure fi_r

Microgravity Deconditioning

TOBIN q',lutritional Modulation
of Pancreatic Endocrine Ftmction

in Microgravity

WOLFE/Skeletal Muscle

Response to Bed Rest and
Cortisol htduced Stress

Risk(s)
Addressed

Countermeasure

Target

Diminished

nuscle flmction

Radiation-induced

carcinogenesis

• Reduced
cardiovascular

capacity
* Loss of bone
• Diminished

muscle function

Diminished muscle

function

I)iminished muscle

flmction

Exercise

Diet/Nutrition

Exercise

Experimental

System

Contputer
Simulations and

experimental data
on rats and humans

Rat

Phase 1

Activities:

Focused

Mechanistic

Research

Diet,'Nutrition

Diet/Ntntrition

Human in flight

study

Cultured pancreatic
islet cells (HARV)

Human bed rest

httegrate existing

knowledge into

computational models
of muscle metabolism

Test diets in rats

injected with a colon
specific carcinogen
with/without radiation

exposure to see which
diet is protective
against radiation and

methylation damage,
and how it protects
Test different treadmill

exercise protocols for
maxintal effectiveness ir

maintaining aerobic

capacity, muscle
strength, and bone mass
Determine nutrient
needs of human

pancreatic islet cells
under different
hormonal conditions

designed to mimic

micro_ravity and stress
Determine if a glucose
/amino acid supplement
provided during bed
rest helps to ameliorate
depressed protein syn-
thesis, muscle wasting
& loss of muscle

strength

Phase 2 Activities:

Preliminary

Countermeasure

Development

Research

Predict effects of muscle

mass loss and changes

in fiber type distribution
on muscle metabolism

Predict effects of the

optimal diet at each
stage of the tumorigenic
process and optimize
noninvasive recovery of
mRNA from exfoliated

colon cells to predict
anc] monitor the

tumorigenic process
Evaluate effectiveness
of exercise intervention

protocols as related to
outcome measures such

as ability to do work

Develop a nutrition
intervention to

ameliorate the depressed
insulin secretion from

human pancreatic islet
cells

Optimize the
supplement and the
timing of the
supplement with respect
to exercise

Phase 3 Activities:

Mature

Countermeasure

Development

Research

Predict effects of

detraining and/or
exercise training on
metabolism and work

capacity'
Develop and test
dietary supplements
that will decrease
oxidative and

methylation damage to
colonic DNA and
monitor their

effectiveness through a

noninvasive technique

Integrate exercise
protocols with nutrition

protocols for maximum
effectiveness

Test the diet

intervention strategy in
a bed rest/cortisol

stressed research

program

Formulate the

supplement for timed
release, palatability,
etc.
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Table 10.2. Integration Activities

Internal

Communication

Integrated

Experiment
Development

Sample Sharing

Synergistic Studies
of Opportunity

Development of

Computer Model of
Integrated Human
Function

CABRERA

Entire team at meetings and
telecons

Integrate existing

knowledge into

computational models of
muscle metabolism using
data from nutrition and

physical illness, the
literature, and the muscle

learn

Data frorn Wolfe, Lupton,
Schneider, Baldwin

(mnscle team)and others
from muscle team

Aerobic and resistance

exercise training with

humans, and applying this
to his model

This is exactly what the

proiect is and should be an

integrating force for the
entire team.

LUPTON

Entire team at meetings and
telecons

Uses the same strain of rat

and the same radiation

protocol at Brookhaven
National Lab as does the

Dicello rat long term

studies (Radiation Team).
Thus results can be

corn pared.

Tobin will use pancreas
from Lupton rats. S. Judex

(bone team) x_ill use rat
hindlimbs, II. Ilogan,
TAMU, will also use

bones.

Planned integration with A.

Kennedy of radiation team
for potential cross-use of
each other's diet

interventions

Data from this project will

be used by Cabrera for his

prediction equations.

SCtlNEIDER

Entire team at meetings and
telecons

As a result of team meeting

discussions, specific
outcome measures of

muscle strength will be
added that can be related to

outcomes from Wolfe

study. Diet intake will be
monitored

Data from the experiment
will be shared with Cabrera

for his prediction models

Planning with Schneider

(who is doing bed rest
studies) to have a uniform

diet protocol

Data from this project will

be used by Cabrera for his

prediction equations

TOBIN

Entire team at meetings and
telecons

Tobin has redesigned his

research protocol as a result of
talks with team members to now

include myocyte cultures and is

also using blood from Wolfe

study to determine levels of
amino acids to use in his cell

culture system. Uchakin, a Col
with Tobin, is now collabor-

ating directly with Wolfe

Will use pancreas from

Luptom will provide pancreatic
cells to R Walzem, TAMU, for

lipid analysis

Future goal is to fly the HARV

with pancreatic cells in space
to determine how well the

results mimic his system on
earth

Currently this research is all ex
vivo and not suitable for the

integrated function component
which we are only doing in
animals and humans

WOLFE

Entire team at meetings and
telecons. P. Uchakin from

Tobin project is now
situated in Wolfe lab.

This bed rest study is

highly integrated with a

variety of projects. The
same amino acid

supplement is tested in the
Tobin project and we plan
to have it tested in the

Baldwin rat model (Muscle

Team).

There are currently seven

"add on" projects to the
bed rest study. See
discussion of Goal 14 in

this report.

This study maximally

capitalizes on synergistic

opportunities which have
arisen in the course of

meetings and telecons to

expand the program with

"add on" grants.

Data from this project will

be used by Cabrera for his

prediction equations
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Table 10.3.Achieving Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

Phase l: Focused Mechanistic Research

• Understand muscle protein synthesis under bed rest/cortisol enhanced conditions

• Determine the amino acid requ,'ernents for muscle protein svnthesis

• Determine the amino acid requirements for insulin secretion under various stress
enhanced conditions (m varo HARV)

• Determine the ro er ratio of amino acids to enhance u take into m 'oc tes

Phase 2: Preliminary Countermeasure Development Research

• Test amino acid supplementation and how this may promote muscle protein synthesis

in humans

• Study role of amino acid supplements as countermeasure strategy (combining r_ults

from Wolfe and Tobin)

• Develop predictive equations for estimating work performance as a restilt of different

exercise Ills

3: Mature Countermeasure Development Research

• Test diffcrcnt prolocols to optimize muscle strength and aerobic capacity in space

(Schneider)

• Develo rated rxercise and nutritional countermeasure and test in humans

Phase 4: Countermeasure Evaluation & Validation

• Vesting of integrated exercise and nutritional interventions inflight
• Test ability of theoretical predictive equations to actually predict for work

_erformance in humans, in s)ace
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11.0 Radiation Effects

Team Leader: John F. Dicello, Ph.D.

Professor of Oncology

The Sidney Kimmel Comprehensive Cancer Center

Johns Hopkins University

Harry and Jeanette Weinberg Bldg., Rm. 1454

401 North Broadway

Baltimore, Maryland 21231-2410
410-614-4194

410-502-1419 FAX

diceljo@ihmi.edu

11.1 INTRODUCTION

The risks to human health inherent in space exploration are enumerated in the NASA

Critical Path Roadmap, which lists radiation as one of the four Severe Type I Risks, the

most critical type. It follows that the principal aims of the NSBRI Radiation Program are

to improve the predictions of risks to human health from space radiations and to provide
effective countermeasures that will significantly reduce these risks. The radiation risk

areas, in terms of long-term missions, both low-Earth orbit or extra planetary, and their

relation to the overall space program are shown in the following figure adapted from
NASA's Critical Path Roadmap. As shown, generally, radiation is one of several initiating

events of a multistep process that can take years or decades before a clinically relevant

consequence manifests itself. The overarching concern is to minimize the radiation
exposure to as low as reasonably possible. Because the outcome of exposure is dependent

upon multiple initiating agents, as well as, factors in the promotion and progression stages
of the diseases, there are multiple risk factors that can alter the outcome. The major

consequences are shown graphically in Figure 11.1 and are delineated in the next section.

11.2 RISKS

The following risks in the Radiation Effects Discipline Area of the Critical Path Roadmap
have been identified (risk number in parentheses):

• Carcinogenesis Caused by Radiation (38)
• Damage to Central Nervous System from Radiation Exposure (39)

• Synergistic Effects from Exposure to Radiation, Microgravity and other Spacecraft
Environmental Factors (40)

• Early or Acute Effects from Radiation Exposure (41)
• Radiation Effects off Fertility, Sterility. and Heredity (42_
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Non Risk-Based Goals

Goal 6: Develop methods for assessing level of health risk, prevention of diseases, &

appropriate medical care

Goal 7: Develop Earth-based applications

Goal 8: Integrate research and analysis

Although all of these goals are part of the Radiation Team and/or NASA's long-term

goals, not all are being addressed at this time, as shown in Table 11.3. As part of NASA's
mission, it is appropriate, however, that they be enumerated in the design plan to define

future directions and areas of new emphasis.

11.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The underlying philosophy of the program's approach is modeled after that proposed in
the NASA report on Modeling Human Risk (1997): experimentally determined risks for

carcinogenesis and CNS damage in appropriate animal models with corresponding in vitro
measurements can be used to validate theoretical relations between animal results and

human response. These theoretical relations, then, can be used to extrapolate known

responses of humans to acute exposures of low-LET radiations to expected responses to

protracted exposures to protons and HZE particles. When such relations have been
established, then this same process and these same animal and cell models can be used to

determine the potential of pharmaceutical agents, including both chemopreventive drugs

and dieta_' supplements, for reducing risks. This concept is illustrated schematically in

the following figure (Fig. 11.2) which is a revision of that proposed in the NASA report on

modeling human risk (1997).

Figure 1 !.2. Philosophy of radiation effects program.
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Description of Current Projects and Progress Towards Risk-Based Goals

Currently, the Radiation Effects Team has six principal projects. In Table 11.1, these

projects are summarized, including those risks that are currently being addressed, the

experimental system, the countermeasure target, and whether a project is part of the

strategic steps of Phase 1, 2 or 3 Activities. A brief description follows of each project
and the countermeasures being studied:

PROJECT I: In vivo Studies of Mammary Carcinomas

John F. Dicello, PhD, Johns Hopkins UniversiO,

Critical Path Risk(s): Carcinogenesis caused by radiation (38:1, 3, 5, 6, 7, (8), 9,

10, 11), Addresses Goal 1, Countermeasure Readiness Level: 4

Specific Aim: Determine risk of carcinogenesis in a relevant animal model and

supply exposed animals for chemopreventive studies.
Countermeasure: Chemoprevention of cancers by use of pharmaceuticals

administered after high-level exposure to radiations. Improved risk factors can be

used to optimize spacecraft design for optimal shielding

PROJECT Ih Chemoprevention and Radiation-lnduced Neoplasms
David L. Huso, DVM, PhD, .]ohns Hopkins UniversiO'

Critical Path Risk(s): Carcinogenesis caused by radiation (38:1, 3. 5, 6, 7, (8), 9,

10, 11), Addresses Goal 1. Countermeasure Readiness Level: 5

Specific Aims: Studies of the pathology of cancer induced by HZE particles and

pharmaceutical intervention.
Countermeasure: Tamoxifen as a model fbr pharmaceutical intervention in the

promotion and progression stages of carcinogenesis to reduce risk after exposure

PROJECT 111: Countermeasures for Space Radiation Biological Effects

Ann R. Kennedy, PhD, University _[Penn,_Tlvania

Critical Path Risk(s): Carcinogenesis caused by radiation (38:1.3.9, 10). Early or

acute effects from radiation exposure (41:1,3.5.10.11), Addresses Goals I and 4,

Countermeasure Readiness Level: 4

Specific Aims:
(1) Determine the ability of various dietar)' supplements to reduce radiation-induced

oxidative stress in cultured cells

(2) For the combinations of agents demonstrating efficacy as antioxidants in vitro,
determine the ability of these agents to decrease radiation induced oxidative stress in

Sprague Dawley rats.
Countermeasure: Dietar3 _'supplements prior to and after exposure to radiation to

reduce the cancer incidence.

183



PROJECT IV: Risk Assessment and Chemoprevention of HZE

Damage

Marcelo E. Vazquez, MD, PhD, Brookhaven National Laboratory

Induced CNS

Critical Path Risk(s): Damage to CNS system from radiation exposure (39:1, 3, 7,

10, 11), Early or acute effects from radiation exposure (41 :l, 3, 5, 10, 11), Addresses
Goals 2 and 4, Countermeasure Readiness Level: 3-4

Specific Aims:
(1) Examine cell death in cycling and non-cycling neural cells

(2) To characterize the putative cell signaling cascades induced by high-LET

radiation in the apoptotic pathways (ceramide- and p53-dependent).
Countermeasure: Modulate signaling pathways by pharmacological manipulation

(trophic factors, free-radical scavengers, p53 modulators)

PROJECT V: CNS Damage and Countermeasures (In vivo Studies)

Marcelo E. Vazquez, MD, PhD, Brookhaven National Laboratory

Critical Path Risk(s): Damage to CNS system from radiation exposure (39:1, 3, 7,

10, 11 ), Early or acute effects from radiation exposure (41 : 1, 3, 5, 10, 11 ), Addresses
Goals 2 and 4, Countermeasure Readiness Level: 3-4

Specific Aims:
(1) Characterize the behavioral, neurochemical and structural changes induced bv

heavy ions and protons.
Countermeasure: To protect neural cell populations in vivo using pharmaceuticals,

such as neuroprotectants (gangliosides), antioxidants (melatonin) and signal

pathways modulators (p53 modulators)

PROJECT VI: Charged Particle Radiation-Induced Genetic Damage in Transgenic
Mice

Polly Yee Chang, PhD, SR1 lmernalional

Critical Path Risk(s): Carcinogenesis caused by radiation (38). Damage to central
nervous system from radiation exposure (39). Early or acute effects from radiation

exposure (41" (3), 5, 10), Addresses Goals 1, 2, and 4, Countermeasure Readiness

Level: 2

Specific Aims:
(1) Examine both the dose and temporal-dependence of particle radiation-induced

mutation in vivo using the LacZ transgenic mice model system. In particular, acute

and long-term tissue specific mutagenic responses of CNS and rapidly renewing

organ systems will be determined after exposure to protons and HZE particles.

(2) Examine the impact of genetic backgrounds, e.g. p53 on radiation sensitivity

using the p53/lac Z double transgenics.
Potential Countermeasures: Determine if known radioprotective pharmaceuticals

(e.g. tamoxifen, anti-oxidants) or cytokines ( e.g.. interleukins) reduce tissue-specific
mutation frequencies or genetic damage in vivo. Such alterations in the genome may

be precursors of cancer.
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A summary diagram, Figure 11.3, describes the current program.

Figure 11.3 Current radiation effects program.

DESCRIPTION OF CURRENT PROGRAM FOR FY 2001-2002

The major themes of this program are the understanding of risks and the development of
effective countermeasures for the radiation-induced biological effects identified to be of

major concern: radiation-induced cancer and CNS damage. It is also possible that because
of the complexity of the space environment, unanticipated effects may occur in organ

systems other than the CNS. Thus the major aims will cover five categories:
1. Develop countermeasures for mitigating effects of radiation exposure.

2. Develop markers for determining risks and monitoring the efficacy of

countermeasures.

3. Determine carcinogenic and CNS effects for space radiation.
4. Determine acute and long-term pathological responses of rapidly renewing organ

systems at risk.
5. (_haracterize differences in cell and molecular mechanisms for pathological effects

for high- versus low-LET radiation in defined model systems.
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Progress Towards Non Risk-Based Goals
Figure 11.1 refers to Goal 6, Develop methods for assessing level of health risk,

prevention of diseases, & appropriate medical care. At present, this goal is not being

explicitly expressed; however, progress towards this goal has been made. We have
determined for the first time the risks of carcinogenesis in tissues relevant to humans from

protons and HZE particles. We have further shown that relatively non-toxic

pharmaceuticals can be used to reduce those risks in animal models in the promotion and
progression stages after radiation. In order to extrapolate these risks to humans, we have
to examine the interspecies variation in carcinogenesis as a function of particle type. As

mentioned previously, it is imperative that the radiation studies of this program be
mechanistically based in order to be able to extrapolate results to human models.

Developing such appropriate theoretical, human models, that we presently do not have and
that are not currently funded as part of this program, should be a major future goal (see

elaboration under Goal 8, "integration using modeling"). Input for such models requires

not only carcinogenesis studies but also the appropriate genetic, epigenetic, and

cytogenetic data to define the mechanisms leading to carcinogenesis. The present results

suggest that we could begin formulating ground-based and space-based clinical studies. In
this respect we are already looking for less toxic combinations of pharmaceuticals and/or

dietary supplements.

Several activities support the early development of Earth-based applications (Goal 7). We

currently have an NIH grant (Joseph Lombardo, P.I.) at Johns .Hopkins for medical
telecommunications that resulted from the NSBRI collaborations. Another NIH program

grant (Jerry Williams. P.I.) at JHU to develop novel treatment protocols in radiation

therapy is a spin-off from a previous project of our team headed by Dr. Jerr} _Williams.

Table 11.2 at the end of this document illustrates in tabular lbrm activities that are ongoing

in achieving the Team's integration goal, Goal 8. A brief summary of these activities in

provided here as well. To aid team integration, the Team holds weekly meetings at Johns

Hopkins University School of Medicine and monthly teleconferences integrating

experimental development. In terms of overall strategy, lbur of the team projects
described are collaborating on investigating carcinogenesis (3) and CNS damage (1) in

vivo, and three projects are addressing corresponding cellular effects. Collaborations

among team members involve a great deal of integrated experiment development. The
team as a group, under the direction of Drs. John Diceilo and Marcelo Vazquez, is one of

the strongest participants at the NASA biomedical facility of AGS acceleration at
Brookhaven National Laboratory (BNL). This participation requires a series of proposals

not only to NSBRI but also to each of the home institutions and to BNL for separate
reviews and the necessary but not always automatic approval. Similarly, animal research

and research involving human cells requires proposals to separate Institutional Review
Boards at the home institutions and at the BNL, again requiring approval. The Tean_ also

does extensive sample sharing. For instance. Dr. Dicello provides animals and animal
tissues for Dr. David Huso's tamoxifen studies, tlc is also irradiating animals tor Dr. Jeff} _

Williams' earlier cytogenetic studies.

We also have been collaborating with researchers on other NSBRI teams, where team

goals overlap. There is a strong need lbr synergistic collaborations within and with other
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teams,someof which may addressachievementof Goal 3. Preliminary experiments to

show feasibility have been carried out by Dr. Dicello's group looking at 1) synergies
between different types of radiations; 2) synergies arising between radiation and the

immune system (with Immunology Team); and 3) synergistic interactions between
radiation and bone (with Bone Team). In all cases significant synergistic effects have been

observed, although uncertainties associated with the data have been large. However,

currently, no additional funding has been available either for feasibility studies or for
further research. We have also been collaborating with the team leader for the Education

and Outreach since its inception. The Radiation program has included numerous

undergraduate, graduate and postdoctoral students and has attracted additional external

funding from NASA and the Johns Hopkins University Bloomberg School of Public
Health among other sources, as well as, travel grants for the students to scientific

meetings.

As a means of integrating their research with the scientific community beyond the NSBRI, Dr.

Dicello's group has also had a long collaboration preceding the establishment of the NSBRI
with scientists at the Johnson Space Center and Headquarters that has resulted in a continuous

productivity of peer-reviewed publications and invited talks. Dr. Francis Cucinotta, JSC,

spent his sabbatical leave at Johns Hopkins working with Dr. Dicello. Currently, there is no

support within or outside of NSBRI for integration and analyses since it was eliminated as a
line item from the NSBRI awards. A theoretically-based research approach is the only

practical method by which the cell and animal data can be extrapolated to humans (except for
identical responses), so it is an indispensable part of the strategic plan for the Radiation

Program and should be supported.

Dr. Dicello's project was also successful in generating new and unique theoretical models to

describe genetic and cytogenetic pathways and in vivo carcinogenesis, which contributes to
the development of a computer model of integrated human function. Future strategic activities
associated with this modeling project and a timeline for these activities are provided in Table

11.3H. Funding for this extensive modeling project is still needed.

Gaps and Weaknesses of the Prol_ram
Remaining gaps and weaknesses in the Radiation Effects Team plan have been identified:

1. In vivo data for synergistic effects of mixed fields.

2. Animal studies for protracted exposures.
3. A need for a more comprehensive analysis of human responses to low-dose,

protracted exposures.
4. Improved methods for extrapolating animal data to humans too imprecise.
5. Inadequate research on early or acute consequences from radiation exposures (Goal

4).
6. No present research on effects on fertility, sterility, or heredity (Goal 5).

II.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Presented here are the objectives underlying each goal and the strategic activities that we

plan to use to achieve the goals and objectives of our program. The timelines tbr
achievement of the activities underlying each goal are presented in Table 11.3.
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Goal 1: Reduce risk of carcinogenesis caused by radiation

Obiective 1A: Assess risk and target level of acceptable risk
• In vivo measurements of carcinogenesis

Objective 1B: Determine mechanisms
• Cellular and Subcellular endpoints as surrogate

carcinogenesis

Obiective IC: Develop countermeasures
• In vitro testing followed by in vivo

supplements

biomarkers leading to

studies of pharmaceuticals and dietary

Goal 2: Reduce risk of damage to central nervous system from radiation exposure

Objective 2A: Assess risk and target level of acceptable risk
• In vivo measurements of CNS damage

Objective 2B: Determine mechanisms
• Cellular and Subcellular endpoints as surrogate biomarkers leading to CNS damage

Objective 2C: Develop countermeasures
• In vitro testing followed by in vivo studies of pharmaceuticals and dietary

supplements

Goal 3: Reduce risk Of synergistic effects.from exposure to radiation, micrograviO' and

other spacecrqfl environmental factors
Obiective 3A: Assess risk and target level of acceptable risk

• In vivo measurements of combined hazards

Objective 3B: Determine mechanisms
• Cellular and Subcellular endpoints forcombined hazards in comparison with

responses to individual hazards

Objective 3C: Develop countermeasures
• Exercise, dieta_' supplements, and pharmaceutical intervention

Goal 4: Reduce risk of early or acute e[fects /i'om radiation exposure

Obiective 4A: Assess risk and target level ofacceptablc risk
• Observe acute responses for in vivo measurements of combined hazards

Objective 4B: Determine mechanisms
• Theoretical modeling compared with measurements

Objective 4C:Develop countermeasures
• Minimize dose with shielding and spacecraft design and choice of travel interval

Goal 5: Reduce risk of radiation effects on fertility, sterility, and herediO'

Obiective 5A: Assess risk and target level of acceptable risk
• Use existing epidemiological data for photon exposures

Objective 513: Determine mechanisms
• Theoretical modeling of existing data base

Objective 5C: Develop countermeasures
• Minimize doses through spacecraft design and choice of travel interval
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Goal 6: Develop methods for assessment of level of health risk, prevention of diseases,

and appropriate medical care
Obiective 6A: Develop markers for determining risks and monitoring the efficacy of
countermeasures from previous experiment.

Goal 7: Develop Earth-based applications
Obiective 7A: Translational research to move new discoveries into medical and industrial
arena with the Industrial Forum.

Goal 8: Integrate experimental research with theoretical analysis to be used to

extrapolate data to risk and countermeasures in humans.

Objective 8A: Integrate research within the radiation effects team
• All team projects focused on a major programmatic goal

• Samples and experimental design shared

Objective 8B: Integrate research with other teams, using modeling as well as other

approaches.
• Foster collaborations with Bone and Immunology Teams

• Obtain funding for theoretical modeling

Objective 8C: Integrate research with scientists within NASA and outside of NSBRI
• Foster collaborations at JSC

11.6 SUMMARY

The risks to human health inherent in space exploration are enumerated in the NASA

Critical Path Roadmap. which lists radiation as one of the tbur Severe Type l Risks, the

most critical type. Most recently, radiation is being categorized as the most serious of these

hazards in space. It follows that the principal aims of the NSBRI Radiation Program are to

improve the predictions of risks to human health from space radiations and to provide
effective countermeasures that will significantly reduce these risks. The major radiation

risk area in terms of long-term missions, both lox_-Earth orbit or extra planeta_, is

carcinogenesis. Damage to the central nervous system and syner_fsms of different types of
radiation or synergisms of radiation with other hazards including bone loss and reduced

immunological response are all areas of concern as well. The current Radiation Effects

Team projects are making significant progress towards assessing these risks and potential

pharmacological, nutritional, and shielding countermeasures.

The underlying philosophy of the program's approach to experimentally determine risks

for carcinogenesis and CNS damage in appropriate animal models with corresponding in
vitro measurements can be used to validate theoretical relations between animal results

and human response. These theoretical relations, then, can be used to extrapolate known

responses of humans to acute exposures of low-LET radiations to expected responses to

protracted exposures to protons and HZE particles. When such relations have been
established, then this same process and these same animal and cell models can be used to

determine the effectiveness of potential countermeasures, such as pharmaceutical agents,

including both chemopreventive drugs and dietary supplements, for reducing risks.
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National Space Biomedical Research Institute

RADIATION EFFECTS PROGRAM

Table 11.1.

Pi/Project

Project Research Activities

CHANG/Charged Particle
Radiation-Induced Genetic

Damage in Transgenic Mice

DICELLO/In vivo Studies of

Mammary Carcinomas

Risk(s)

Addressed

,Carcinogenesis

caused by radiation

• Damage to CNS
from radiation

exposure

• Early or acute
effects from

radiation exposure

Carcinogenesis
caused by radiation

Carcinogenesis

cansed by radiation

Countermeasure

Target

,Pharmaceuticals

(e.g. tamoxifen, anti-
oxidants)

*Cytokines ( e.g..
interleukins)

,Chemoprevention

of cancers by use of

pharmaceuticals
administcred after

exposure to
radiations.

,Shielding

Experimental

System

Transgenic mice

Sprague Dawley
rats

Sprague Dawley
rats

HUSO/Chemoprevention and

Radiation-Induced Neoplasms

Phase 1

Activities:

Focused

Mechanistic

Research

• Examine both the

dose and temporal-

dependence of particle
radiation-induced

mutation in vivo using

the LacZ transgenic

=nice model system
• Examine the impact

of genetic
backgrounds, e.g., p53,
on radiation sensitivity

using the p53/LacZ

double transgenics

Determine risk of

carcinogenesis in a
relevant animal model

and supply exposed
animals for

chemopreventive
studies

Studies of the

pathology of cancer

induced by HZE

particles and use of
Tamoxifen as a model

for pharmaceutical

Phase 2 Activities:

Preliminary

Countermeasure

Development

Research

Determine if known

radioprotective

pharmaceuticals (e.g.
tamoxifen, anti-

oxidants) or cytokines (

e.g., interleukins) reduce

tissue-specific mutation

frequencies or genetic
damage in vivo. Such
alterations in the

genome may be
precursors of cancer.
Examine potential drugs
in vitro.

,Obtain improved risk
factors which can be

used to optimize

spacecraft design for
optimal shielding and to
select clinical trials

,Chemoprevention of

cancers by use of

pharmaceuticals
administered after

exposure to radiations.

Obtain improved risk
factors to select

appropriate clinical
trials

Pharmaceuticals

(Tamoxifen)

Phase 3 Activities:

Mature

Countermeasure

Development

Research

Examine potential

potential drugs in vivo

Clinical trials and flight

experiments

Clinical trials and flight

experiments



KENNEDY/Countenneasuresfor

Space Radiation Biological
Effects

*Carcinogenesis
caused by radiation

*Early or acute
effects from

radiation exposure

VAZQLJEZ/Risk Assessment and

' Chemoprevention of ItZE
Induced CNS Damage

VAZQUEZ/CNS Damage and

Countermeasures (/;7 vivo
Studies)

*Damage to CNS
from radiation

exposure

*Early or acute
effects from

radiation exposure

*Damage to CNS
fi'om radiation

exposure

*Earl 5' or acute
effects from

radiation exposure

Dietary supplements

Pharmacological
manipulation

Pharmacological

agents

*Cultured cells

*Sprague Dawley
rats

intervention in the

promotion and
progression stages of

carcinogenesis to
reduce risk after

exposure
Determine the ability
of various dietary

supplements to reduce
radiation-induced
oxidative stress in

cultured cells

Cells obtained from

rats

C57 black rnice

*Examine cell death in

cycling and non-
cycling neural cells
,Characterize the

putative cell signaling
cascades induced by

high LET radiation in
the apoptotic pathways

(ceramide- and p-53

dependent)
Characterize the

behavioral,
neurochemical, and

structural changes

induced by heavy ions

and protons

*Dietary supplements

prior to and after
exposure to radiation to
reduce cancer incidence

*For the combinations

of agents demonstrating

efficacy as antioxidants
in vitro, determine the

ability of these agents to
decrease radiation-
induced oxidative stress

in Sprague Dawley rats

Modulate signaling

pathways by
pharmacological

manipulation; test use of

trophic factors, free-
radical scavengers, p53
modulators in

modulating signaling

pathways

Test protective efficacy

of pharmaceuticals such

as neuroprotectants

(gangliosides),
antioxidants

(melatonin), and signal

pathways modulators

(p53 modulators) on

neural cell populations

Clinical trials and flight

experiments

Bases for m vivo

experiments

Clinical trials and flight

experiments
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National Space Biomedical Research Institute

RADIATION EFFECTS PROGRAM

Table 11.2. Integration Activities - See discussion under section 11.4, Goal 8

Internal

Communication

Integrated

Experiment

Development

Sample Sharing

Synergistic

Studies of

Opportunity

Development of

Computer

Model of

Integrated

Human

Function

Activities common to all projects unless specified

Weekly NSBRI staff meetings Monthly teleconference of

Monthly NSBR1 luncheon

meeting

Sprague-Daxvley rats shared with

Imnoxifen project

( Huso and Dicello)

Dicello funded immunological

studies at Loma Linda University

(Daila Gridley)

Dicello and, previously, F.
Cucinotta at JSC had been

carrying out theoretical studies.

principal investigators

Collaborations bet_een Pls in

Radiation with Technology

Team on two proiects

Tissue samples shared between

Carcinogenesis project and

Tamoxifen project

Dr. Dicello is collaborating with

Dr. Jay Shapiro on the combined
effects of radiation and

microgravity on bone loss.

Scheduled NSBRI meetings of

investigators at national and
international meetings.

Members of several NASA,

NCRP, and NAS,q',IRC
committees

Animals irradiated at Loma

Linda used for Oridley's

immunology study (Dicello)

Sequential studies at BNL
(tlZEs) and LLUMC (protons)

Carcinogenesis and Tamoxifen

projects agreed to provide
animals and tissues for several

proposals submitted to NSBRi
and NASA
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National Space Biomedical Research Institute

RADIATION EFFECTS

Table 11.3a. Achievinq Goal 1" Reduce Risk of Carcinogenesis Caused by Radiation (38)

Countermeasure Development Phases

m

Phase 0: Observational & Phenomenological Research

Five of the seven principal investigators had extensive research experience with regard to the
carcinogenic effects from radiation. The sixth was a senior biologist working on DNA damage,
a major pathway to cancer from radiation, and the seventh is an animal pathobgist and
veterinarian, a unique resource lbr these studies

Phase 1: Focused Mechanistic Research

• Preliminary data and proposal to measure risk of carcinogenesis in a relevant animal

model and tissue for protons and HZEs

• Preliminary data and proposal for cbemopreventive drugs in promotion/progression

sta_e of cancer
• Preliminary data and proposal tbr dietary supplements to reduce risk of cancer

• Preliminary data and proposal to study cytogmetic aberrations to understand the
process leading to cancer at low doses, to determine biomarkers of risk for cancer, and

to determine chemical ]_athv,'a_'s that will reduce risk..

• Preliminary data and proposal to study DNA damage to understandthe process leading
to cancer at low doses and to determine biomarkers of risk for cancer.

• Preliminary data and proposal to stud}' a transgenic mouse to characterize mutation

in different tissue t_ es.

Phase 2: Preliminary Countermeasure Development Research

• Initial studies to measure risk of carcinogenesis in a relevant animal model and tissue

for _rotons and ttZEs for _harmaceutical studies and spacecraft desi_.n
• Initial studies of chemopreventive drugs in promotion,'progression stage of cancer

• Initial studies of dietary supplements to reduce risk of cancer

• Initial studies ofcytogenetic aberrations to understand the process leading to cancer at
low doses, to determine biomarkers of risk for cancer, and to determine chemical

pathwa_,s that will reduce risk..
• Initial studies of DNA damage to understand the process leading to cancer at low doses

and to determine biomarkers of risk for cancer.

• Initial studies of a transgenic mouse to characterize mutation changes in different tissue
h.'pes leading to drug studies

Pre _.001 2002

2001

2003 2004 2005 2006,2007 2008 2009

m_lmnn m _
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2010 2011 2012
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3: Mature Countermeasure Development Research

• Determine risk of carcinogenesis in a relevant animalmodel and tissue for protons and
HZEs

• Determine eflicac_¢ ofa chemopreventive dru_ in promotion/progression sta_e of cancel

• Determine specific dietary' supplements to reduce risk of cancer
• Determine c\togenetic abenations to understand the process leading to cancer at low

doses, to determine biomarkers of risk for cancer, and to determine chemical pathways
that will reduce risk.

• Initial studies of DNA damage to understand the process leading to cancerat low doses
and to determine biomarkers of risk for cancer.

• Determine mutations in different tissues in a transgenic mouse leading to

carcinop_enesis.

• Develop laharmacolo_ical countermeasure and test with human sub)ects
• Determine whether there are synergistic or antagonistic interactions between radiation

and other nlaior risks such as bone'__Iossor reduced_ ..... _. ll[Phase 4: Countermeasure Evaluation & Validation
__ lmin_ mum

• Testing ..,.,,..-inspace environnlent_ _ _ "'"" _ "--"" ""_'--' _'_"" "" _" _ _'" _ "_" l
Phase 5: Operational Implementation of Countermeasure Strategy



National Space Biomedical Research Institute
RADIATION EFFECTS

Table 11.3b. Achieving Goal 2: Reduce Risk of Damage to Central Nervous System from Radiation Exposure (39)

c_lmlernleastlre and test in htlnlans

Determine _vhether artificial gravity, in conjunction with the exercise.

nutritional, and pharmacological countermeasure above, further reduces

muscle atroph3 in hunlans

Phase 4: Countermeasure Evaluation & Validation

, Testin,, in a space environment

Phase 5: Operational Implementation of Countermeasure

Strategy

1QK



Table 11.3c.

National Space Biomedical Research Institute
RADIATION EFFECTS

Achieving Goal 3: Reduce Risk of Synergistic Effects from Exposure to Radiations, Microgravity, and Other
_acecraft Environmental Factors

• Clinical trial of dietary supplements

Determine ,.vhether microgravity affects chemo.effectiveness of drugs or
dietary supplements.

Phase 4: Countermeasure Evaluation & Validation

• Testing of drugs in Space

5: Operational Implementation of Countermeasure

Strategy
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National Space Biomedical Research Institute

RADIATION EFFECTS

Table 11.3d. Achievin Goal 4: Reduce Risk of Earl
11

Countermeasure Development Phases

or Acute from Radiation Ex

Pre 2001 2002 2003 2004 2005 2006 2007

2001

Phase 0: Observational & Phenomenological Research

These effects are considered Type |l, rank 4 risks in NASA's Strategic Plan and are not

being explicitly examined at the present time with resources available. Our research on

carcinogenesis and CNS damage, however, will provide some data to further assess
_roblems in these three areas.

Phase 1: Focused Mechanistic Research

Phase 2: Preliminary Countermeasure Development Research

Phase 3: Mature Countermeasure Development Research

Phase 4: Countermeasure Evaluation & Validation

Phase 5: Operational Implementation of Countermeasure Strategy

_008,2009 2010!2011 2012
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National Space Biomedical Research Institute

RADIATION EFFECTS

Table 11.3e. Achieving Goal 5: Reduce Risk of Radiation Effects on Fertilib Sterilit

Countermeasure Development Phases Pre 2001 2002 2003 2004 2005 2006 2007
2001

Phase 0: Observational & Phenomenological Research

these effects are considered Type II! risks in NASA's Strategic Plan and are

not being explicitly examined at the present time with resources available.

Our research on genetics and biomarkers, however, will provide some data to

further assess problems in these three areas.

Phase 1: Focused Mechanistic Research

Phase 2: Preliminary Countermeasure Development Research

Phase 3: Mature Countermeasure Development Research

Phase 4: Countermeasure Evaluation & Validation

and Heredit

2008 2009j2010 2011 2012

Phase 5: Operational Implementation of Countermeasure
Strategy
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National Space Biomedical Research Institute
RADIATION EFFECTS

Table 11.3f. Achieving Goal 6: Methods for Assessing Level of Health Risk_ Prevention of Diseases_ & Appropriate

Medical Care

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

This strategy being pursued presently to achieve this goal is to reduce the level

of radiation exposure, to determine and measure appropriate biomarkers, and

bue esd to reduce risk.

Phase 1: Focused Mechanistic Research

• Propose chemopreventive drugs in promotion/progression stage of cancer

• Propose chemopreventive dietary supplements to reduce risk of cancer

• Propose chemopreventive drugs to reduce risk of CNS damage

Phase 2: Preliminary Countermeasure Development Research

• Begin in vivo studies of Tamoxifen as a chemopreventive drug in the

promotion,'pro_ression sta_es.

• Propose chemopreventive dietar._ supplernents to reduce risk of cancer

Phase

Propose chemopreventive drugs to reduce risk of CNS damage

3: Mature Countermeasure Development Research

h; vivo studies of Tamoxifen as a chemopreventive drug in the

promotion/progression stages.

Cell/animal studies of dietary supplements to reduce risk of

cancer

Phase

Phase

Cell/animal chemopreventive drugs to reduce risk of CNS damage

4: Countermeasure Evaluation & Validation

5: Operational Implementation of Countermeasure Strategy
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National Space Biomedical Research Institute

RADIATION EFFECTS

Table 11.3G. Achievin Goal 7: Potential Earth-Based dications
lr • •

Countermeasure Development Phases Pre 2001
2001

ll
I

Phase 0: Observational & Phenomenological Research

Phase 1: Feasibility Research

• Propose broad-band neutron detector for Tech Team

• Propose network-based remote treatment planning for radiotherapy to NIIt

• Propose chemopreventive drugs in promotion/progression stage of cancer

• Propose microbeam of energetic heavy ions for Tech Team

• Propose chemopreventive dietary supplements to reduce risk of cancer

Phase

Propose chemopreventive drugs to reduce risk of CNS damage

2: Development Research

Initiate broad-band neutron detector in Tech Team leading to design

chan_es in spacecraft and selection of drug categ.ories needed
NIIt funds network-based remote treatment planning

• Begin in vivo studies of Tamoxifen as a chelnopreventive drug in the

promotion.progression stages.
• Initiate design of microbeam of energetic heavy ions in Tech 1cam

• Propose chemopreventive dietary supplements to reduce risk of cancer

Phase

Propose chemopreventive drugs to reduce risk of CNS damage

3: Mature Research and Development

Tech Team flies broad-band neutron detector in planes and balloons

• NIII clinical trials of remote trealment planning for radiotherapy

• In riro studies of Tamoxifen as a chemopreventive drug.

• Prototype of microbeam of energetic heavy ions in Tech Team

• Cell,'animal studies of dietary supplements to reduce risk of cancer

Phase

Phase

Cell/animal chemopreventive drugs to reduce risk of CNS damage

4: Evaluation & Validation

5: Operational Implementation Strategy

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
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National Space Biomedical Research Institute

RADIATION EFFECTS

Table 11.3H. Achieving Goal 8: Integrate Experimental Research with Theoretical Analysis to be Used to Extrapolate Data to Risk

and Countermeasures for Humans.
ul

Countermeasure Development Phases

Phase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research

• Integrate Research in the Radiation Team

* Request proposals on this topic, review, and fired

• Develop theoretical model to relate cell biomarkers (genetic, cytogenetic,

epiuenetic, and abscopal) in animals to carcinogenesis in animals

• Develop theoretical model to relate animal carcinogenesis to truman

carcinogenesis
* Develop theoretical model to relate cell biomarkers (genetic, cstogenetic,

epigenetic, and abscopal) in animals to CNS damage in animals
• Develop theoretical model to relate animal CNS to human CNS

I

• Apply model with new data to obtain improved risk assessments and
models to e,, aluate effect of drugs in humans

• Request proposals on this topic, review, and fund

• Appl) model _ith new data to obtain improved risk assessments

Pre 2001 2002:!003 12004 2005 2006 2007 2008 2009 2010 2011 2012

12001

lllll n _ _ illlllllmmlimnmmlml_lll

nlil•l nlmmlu mlmmm l l lmmm _ll m immmlm IIl•lllm lmlmm mnm_ln

l m lllll illlnl Illl&lll llilllll IIIl• n mlmnm m i lllll•l /

m m i illlmiln _illillll

Phase 3: Mature Countermeasure Development Research
Illll Itllll Illll IIlllll _

• Initiate shielding designs based upon model calculations of risk

• Develop phammceutical strateg5 based upon model predictions

Phase 4: Countermeasure Evaluation & Validation .==_ ...== .,._ ====_ _=.= ....== ---- --_, m. l==.=i
iiigi_immn_liili n__ i

• criteri,aModifyexisting spacecraft and design new vehicles according to new .[ [

• Initiate ground-based clinical trials of chemopreventives and dietary
su

5: Operational Implementation of Countermeasure



12.0 Smart Medical Systems

Team Leader: Jeffrey P. Sutton, M.D., Ph.D.

Director, Neural Systems Group
Massachusetts General Hospital

Harvard-MIT Division of Health Sciences

and Technology

Bldg. 149, 13 th Street, 9 th FI.
Charlestown, MA 02129-2000

617-726-4350/731-2388

617-726-4078 FAX

sutton(_,nmr.mgh.harvard.edu

12.1 INTRODUCTION

Health problems associated with space travel may be related to the effects of microgravity,

radiation and other risks to the body that are particular to space flight. They may also be

independent of these effects, arising in association with a given demographic population, toxic

environmental exposure or trauma. Complex interactions between these factors, as well as

potential differences in the way disorders present and respond in microgravity relative to Earth,

pose formidable challenges. The unique medical circumstances and limited health care resources

in space suggest that novel strategies are required for in-flight physiological monitoring and

medical assessment, diagnosis and treatment on long duration missions.

The Smart Medical Systems Team (SMST) aims to take a leadership role in the research and

development of an advanced, integrated and autonomous system for astronaut health assessment,
maintenance and medical care. This includes the delivery and evaluation of medical interventions

and other countermeasures to reduce the deleterious effects of space travel and enhance the

overall well-being of astronauts. To accomplish this task, the SMST works closely with other

NASA efforts in space and critical medicine. It is anticipated that the countermeasure program of

the SMST will have significant impact and applications for Earth-based health and medical care.

12.2 RISKS

The following risks have been identified in the Critical Path Roadmap under Clinical Capabilities

(risk number in parentheses).

• Trauma and Acute Medical Problems (43)

• Toxic Exposure (44)

• Altered Pharmacodynamics and Adverse Drug Reactions (45)

• Illness and Ambulatory Health Problems (46)

• Development and Treatment of Space-Related Decompression Sickness (47)

• Difficulty of Rehabilitation Following Landing (48)

12.3 GOALS
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Risk-Based Goals: Development of Methods for Health Assessment and Medical Care

Goal 1: Methods to reduce risk of trauma and acute medical problems

Goal 2: Methods to reduce risk of toxic exposure

Goal 3: Methods to reduce risk of altered pharmacodynamics and adverse drug reactions

Goal 4: Methods to reduce risk of illness and ambulatory health problems

Non Risk-Based Goals

Goal 5: Develop a platform for suite of medical devices

Goal 6: Develop Earth-based applications for non-invasive,

sensing and medical diagnostic and therapeutic devices

Goal 7: Integrate research and analysis

portable physiological

12.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The SMST was formed in 2000, and funded in 2001, following peer-review of applications for

research to mitigate risks most closely' associated with the Clinical Capabilities discipline of the

Critical Path Roadmap as listed in Section 11.2. The emphasis has been on addressing the four

highest priority risks (Goals ! to 4) in the discipline, with the requirement that Goal 5 be

developed to integrate the projects together as a prototypical smart medical system, that can be

demonstrated and implemented. Achievements toward Goal 6 are already being realized, even

though the team has only recently been established, and Goal 7 is partially addressed in Goal 5,

as well as in other contexts described later.

Given the team's goals, collaborations have been essential. These have been initiated and

fostered across the NSBRI and with NASA flight surgeons, astronauts, medical operations

personnel, engineers and researchers at the Johnson Space Center (JSC). The team has also

developed a working collaboration with biosensor and other groups at the Ames Research Center

(ARC), the Jet Propulsion Laboratory,' (JPI,) and other NASA Centers. It has engaged in a

working relationship with the NASA Chief ttealth and Medical Officer.

Collaborations are a cornerstone for the team to meet its objectives and to strategically utilize its

assets to help mitigate risks, especially those delineated in Goals 1 to 4. At present, the SMST

has eight projects headed by seven principal investigators. Five projects (led by Drs. Crum,

Davies, Klempner, Soller and Sutton) address research and development of novel biometric

sensors that are lightweight, portable, Iov_ power, non-invasive and unobtrusive. These projects
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have applications for physiological and medical monitoring of astronauts, as well as for the

assessment of countermeasures that potentially diminish the deleterious effects of long duration

space travel (Goals 1, 2 and 4). Dr. Davies' project also has applicability to the risk of

ameliorating the difficulty of rehabilitation following landing (currently a non-goal risk - Section

11.2). One project (led by Dr. Putcha) develops a novel pharmacological drug delivery system for

near term countermeasure administration (Goal 3), while another project (led by Dr. Crum)

develops a revolutionary new form of non-invasive surgery (Goal 1). A NASA

echocardiographic resource project (led by Dr. Thomas) is supported by the SMST (Goals 1 and

4), and is jointly supervised with the Cardiovascular Alterations Team. Three projects (led by

Drs. Klempner, Sutton and Thomas) develop "smart" algorithms for minimal user evaluation and

interpretation of real time physiological and medical data (Goals 1 to 5 and Goal 7).

The current program consists of eight multi-disciplinary projects (3 animal, 1 human + animal, 2

human + computation, 1 pathogen, 1 resource) that integrate engineering, computation and
biomedicine with innovation in technology and medical care. All of the projects fit within the

objectives and strategic activities of the SMST (Section 11.5). Although the team is newly

formed, there is preliminary planning for flight tests of some technologies, and for applying

research discoveries to enhance medical care on Earth (Goal 6). A synopsis of the projects

follows, with the major attributes being summarized in Table 11.1.

Crum et al.: Guided High Intensity Focused Ultrasound for Mission-Critical Care

This project seeks to develop a lightweight, portable, smart medical device that can adequately

control internal bleeding, as well as address a number of other medical conditions that require

surgery. This device will use diagnostic ultrasound for guidance and High Intensity Focused

Ultrasound (HIFU) for therapy. Specifically, an image-guided transcutaneous device for acoustic

hemostasis and bloodless surgeu' is proposed.

Countermeasure Target(s): Revolutiona_' surgical advance tbr use in trauma and for monitoring

and assessment of other medical problems.

Davies et al.: Vascular Genomics in Gravitational Transitions

]'his ground-based project will address, at the level of gene expression, the structural and

regulatory changes in murine vascular tissues associated with (a) exposure to simulated

microgravity, (b) return to normal posture, and (c) prolonged exposure to hypergravity, and its

acute reversal. Changes in RNA expression in regions of the vascular tree known to be of

particular relevance to human orthostatic intolerance, and of critical importance in normal blood

vessel regulation, will be investigated.

Countermeasure Target(s): Training and other interventions to minimize effects of vascular

change, with pre-, in- and post-flight applications.

Klempner et al.: Smart Medical System for Microorganism Detection

This proposal involves the development of a novel smart medical system to detect and identity'

bacteria through the use of novel sensors and includes three steps: (a) development of

"'fingerprinting" phage display libraries which can detect, identi_', quantify and discriminate

bacterial species in environmental and biological specimens: (b) application of phage displayed

peptides and antibody fragments in a microarray to the surface of a microsensor to demonstrate.
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using optical readout and colorimetric reflectance, the sensitivity and specificity for detecting and

discriminating between bacterial species using surface "fingerprints"; and (c) development of

algorithms from the microarray response for real-time identification and discrimination of

bacterial species.
Countermeasure Target(s): Novel monitoring and diagnostic capabilities with environmental

manipulation and pharmacological countermeasure possibilities.

Putcha et al.: Microcapsule Gel Formulation for lntranasai Promethazine HCI

The goal of this project is to develop an intranasal dosage formulation of promethazine

hydrochloride that will provide crewmembers with a non-invasive means of self-administering space
motion sickness medications. The research involves the (a) development of a microencapsulated,

pH-balanced gel dosage formulation and a combination form with a corticosteroid for intranasal

administration, (b) establishment of release kinetics and shelf life of the optimized dosage forms,

and (c) assessment of bioavailability, nasal mucosal irritability and toxicity of the selected dosage

forms in rats.

Countermeasure Target(s): Novel drug delivery system for pharmacological agent

administration.

Soller et al.: Noninvasive Measurement of Blood And Tissue ChemistrT

This project uses near infrared spectroscopy and novel algorithms to non-invasively assess blood and

tissue for the measurement of oxygenation, pH, glucose and hematocrit in humans, irrespective of

skin color and gender. These parameters are important in diagnosing and treating hypoxia and trauma

that may arise from exposure to radiation, toxic chemicals and blunt or sharp injury,. They may also

be useful in evaluating exercise as a countermeasure for extended weightlessness.

Countermeasure Target(s): Physiological and medical monitoring and diagnosis of blood and tissue

parameters. Some parameters, such as muscle pH, are relevant for optimizing exercise

countermeasures.

Sutton et al.: Near Infrared Brain Imaging for Space Medicine

This project develops and implements a non-invasivc, low power, portable, functional imaging

technology for monitoring brain activity in remote harsh environments, including microgravity. The

device uses diffuse optical tomography, which is validated in the project using functional magnetic

resonance imaging. Performance on motor tasks of varying complexity under normal and sleep-

deprived conditions are conducted with tomographic functional imaging to assess cortical activity in

humans during simulated flight tasks, including docking. The technology is also being developed to

assess patients with altered intracranial pressure. The sensor work interfaces with a system for

automated assessment, warning, and countermeasure evaluation.

Countermeasure Target(s): Physiological and medical monitoring and diagnosis, with

countermeasures to adjust scheduling and performance expectations.

Thomas et al.: Diagnostic 3D Ultrasound Algorithms for Space Applications

This project seeks to develop, optimize and validatc diagnostic ultrasound in manned space

flight, with aims focused on (a) serial 3D examinations to enhance current diagnostic

capabilities, (b) utilizing reconstruction and real-time techniques, (c) registering anatomical

images from 2D and 3D ultrasound with those obtained from prior ultrasound examination and
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from magnetic resonance and computed tomographic imaging, (d) abstracting, in an automated

fashion, anatomical changes in ultrasound studies, (e) compression algorithms, and (f) assessing

the ability of novice examiners to obtain 3D sonographic data sets (cardiac, renal) following

minimal training.

Countermeasure Target(s): Physiological and medical monitoring and diagnosis, with early

countermeasure intervention, such as pharmacological agents or nephrolithiasis, when indicated.

Thomas et al.: Echocardiographic Resource for Microgravity Studies

This resource project in ultrasound experimentation and training is a collaboration with the

Cardiovascular Alterations team. The goal is to establish an Echocardiographic Core Facility to

the NASA research and clinical communities, capable of applying standard and novel analysis

techniques in a rigorous fashion to echocardiographic data obtained from selected ground-based

experimental models, pre- and post-flight examinations, and eventually from in-flight

acquisitions.

Countermeasure Target(s): Physiological and medical monitoring and diagnosis, and training of

naive users in medical image acquisition, with multi-systems applications (e.g., cardiovascular,

bone, renal).

The integration activities among the projects just listed, both within the SMST and between the

SMST, other NSBRI teams and groups outside the NSBRI. are summarized in Table 11.2. From

a technology, modeling and physiological system perspective, the relationships are also

illustrated in Figure 11.1. Specifically, each of the eight SMST projects is represented along the

middle row of Figure 11.1. The projects are coded to depict (a) NSBRI cross-team interactions

(Soller with Cabrera (Nutrition, Physical Fitness and Rehabilitation)), (b) NASA interactions

(Davies with Luzod (ARC); Putcha (JSC): Sutton with Marshburn (JSC)), (c) NSBRI cross-team

and NASA interactions (Klempner with Fox (Immunology, Infection and Hematology Team) and

Pierson (JSC): Thomas with Cohen (Cardiovascular Alterations Team) and JSC)), and (d) none

of the above (although Crum has strong ties to the Department of Defense medical technology

programs).

The bi-directional arrows in Figure 11.1 represent relationships (a) among projects within the

SMST and (b) between SMST projects and the other NSBRI teams. These relationships are

broken down into two main categories: Technology, and Physiological Systems and Effects.

Across the top row, interactions between SMST projects and the Technology Development Team

and core Integrated Human Function activities are shown. These interactions correspond roughly

to experimentation (Technology Development Team) and theoretical or modeling (core

Integrated Human Function) interactions. Arrows pointing to particular boxes from SMST

projects to boxes in the upper row show how SMST projects contribute to NSBRI developments

in other specific domains. For example, the Klempner, Soller and Sutton projects all develop

novel spectrographic devices that complement one or more projects being developed in the

Technology Development Team (specifically, projects headed by Potember and by Maurer).

Arrows that originate from boxes in the upper row' of Figure 11.1 and project to SMST projects

represent links among projects within the SMST. The relationships are incomplete and are

evolving, sometimes with added benefit to the overall NSBRI scientific program. For example,

206



ultrasoundtechnologieslink projectsby Crum andThomas,althoughThomas'projectsdo not
develop hardware.The functional magnetic resonanceimaging (fMRI) aspectsof Sutton's
projectaddsto the (non-functional)MRI developmentsin theTechnologyDevelopmentTeam;
hencethehalf shadedbox in Figure 11.1.Thechemicalengineeringandfunctionalgenomicand
proteomicapproacheson the SMSTcomplementothercoretechnologydevelopmentswithin the
NSBRIprogram.

Bi-directionalarrowsbetweentheboxesrepresentingtheSMSTprojectsandthesystemteamsalong
the bottomrow of Figure 11.1work similarly to thosejust described.Thereis synergywith every
systemteam,especiallythe CardiovascularAlterationsTeam.Thereis alsoanemergingemphasison
brain and neurobehavioralalterationswithin the SMST (Suttonproject). At present,there is no
synergywith theRadiationEffectsTeam,althoughthereis scientificoverlapwith thatteam.

SMST - Technology, Physiological Systems and Interactions

TechHolo_q" _ Teelh Dev Q Ime_'ated Human Functiou

[] NSBRI X-t_'am [] NASA [] NSBRI X-team * NASA

Figure 11.1

In October 2001, the SMST provided a live demonstration of new technologies and added value

across projects to the Team Leaders of the other NSBRI teams and to the External Advisory

Council. Considerable progress was made by the SMST since October 2001. In March 2002, the

Council reported that the SMST:

• "has been remarkably successful in realizing substantial progress and rapid maturation of

several of it major projects,"
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• "has achieved proof-of-principle or near proof-of-principle countermeasure status of

several of the systems within its development domain,"

• "has in many ways succeeded in the fundamental mission of the NSBRI, namely, to

engage in basic research that leads to new technologies uniquely suited to the critical

needs of NASA space flight demands,"

• "should have as its highest priority the definition of flight-test trajectories for its most

successful technologies," and

• "should (have next stage goals that are) highly focused and implemented with a certain

sense of urgency" given the team's "success and the current critical stage of development

of the NSBRI."

Prototypical Smart Medical System

*_I'v;t"_;_'_'t';'_ EvM_L]e .]_ _.IJL .'_lgr,,_. ",:_";.',:L_ a:: -q ; ] erl"tCIZ

| ,

i,, t. C

Figure 11.2

To follow through on achieving Goals 1 to 7, the SMST has developed a model prototype and

concept of operations to identify gaps, weaknesses, strengths, needs and progress toward mature
countermeasures. The model is summarized in Figure 11.2. In this figure, information from the

environment and astronauts is sensed by a suite of small, lightweight, low power, portable, non-

invasive, unobtrusive, intelligent.sensors with pattern recognition capabilities. These sensors feed

automatically analyzed, rather than raw, data into decision-making algorithms, that also have

cognitive input from the astronauts themselves. There is a model of the system, which is where the

NSBRI integration core activities fit into the team's plans. The model not only (a) assesses input

from multiple sources, but it (b) pre-plans notification for onboard alarms and information transfer to

the ground. (c) looks at contingencies and outcomes for effectors and treatments prior to the

administration of countermeasures. (d) assesses the effectiveness of treatments and countermeasures.

(e) monitors consequences of actions and countermeasures, and (f) interfaces with models for pattern

recognition and analog hardware learning. Since feedback loops exist which are independent of
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external and M.D. control, the system is, in principle, autonomous. Moreover, the design is

achievable, to varying degrees, and proposes a revolutionary new health care system for space, which

is central to the research charge assigned to the SMST.

While there are other features of the system described in Figure 11.2, the main points in summary

are:

Enhanced small sensor platforms with pattern recognition and wireless capabilities

Adaptable system of systems for sensor integration

Algorithms and models for human assisted monitoring, countermeasure assessment and

decision making

Common platforms for sensing and countermeasure delivery

Tables 11.3a and 11.3b provide projected timelines for achieving Risk-based Goals 1 to 4 using

the model of Figure 11.2. Non-risk based Goals 5 to 7 are achieved in parallel to the Risk-based

Goals as described in Section 11.5.

12.5 OBJECTIVES AND STRATEGIC ACTIVITIES

The objectives underlying each goal are presented below, along with strategic activities that will

be used to achieve the goals and objectives.

Goal I: Methods to Reduce Risk of Trauma and Acute Medical Problems

Objective 1A. Assess risk and target level of acceptable risk

• Determine the full range of risks to trauma and acute medical problems using evidence

based medicine and other approaches. All team members have been acquiring such

information from published reports, JSC personnel, and current and former astronauts

and flight surgeons.

• Determine the full range of current clinical capabilities taking into account international

requirements and resources (Putcha, Kiempner. Soller, Sutton, Thomas projects: JSC

personnel).

Obiective lB. Determine mechanisms

• Identify technologies suitable for non-invasive physiological assessment (all projects).

• Identify capabilities of sensor technologies for use in trauma (Crum, Soller, Sutton.

Thomas projects).

• ldentit}¢ promising new non-invasive surgical interventions (Crum, Soller, Sutton,

Thomas projects).

• Assess validity of sensors based on gold standards in health and disease (Crum.

Klempner, Soller, Sutton, Thomas projects).

• Further understanding of signal and effector mechanisms in relation to novel sensor

developments (Crum, Soller. Sutton projects).

Obiective 1C. Develop countermeasures
• Test sensors for normal anatomical and physiological non-invasive monitoring in

animals and humans (Crum, Klempner, Soller, Sutton, Thomas projects).
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• Test sensors for anatomical and physiological non-invasive monitoring in animals and

humans during trauma and acute medical conditions (Crum, Klempner, Soller, Sutton,

Thomas projects).

• Develop time-derivative pattern recognition and other algorithms for near automated

detection of significant medical alterations based on sensor data (all projects).

• Refinement of non-invasive surgical capabilities integrated with image guided

detection, interpretation and assessment of treatment efficacy (Crum project).

• Human subject demonstration of sensor-algorithm devices for trauma and acute medical

problem assessment (Crum, Klempner, Soller, Sutton, Thomas projects).

• Human subject demonstration of sensor-effector (treatment) devices for trauma and

acute medical problems (Crum, Soller, Thomas projects).

• Evaluation of sensor-algorithm-effector "smart" system in simulated space flight

conditions (e.g., KC 135) (Soller, Sutton, Thomas projects).

Goal 2: Methods to Reduce Risk of Toxic Exposure

Objective 2A. Assess risk and target level of acceptable risk

• Determine the full range of risks to toxic exposure based on environmental factors and

evidence based medicine from NASA Centers, including JSC, ARC and JPL (e.g.,

eNose project). Team members have been acquiring such information from published

reports, JSC personnel, and current and former astronauts and flight surgeons

(Klempner, Sutton projects).

• Determine the full range of current capabilities lbr management of toxic exposure

taking into account international requirements and resources (Klempner, Sutton

projects: JSC personnel).

Objective 2B. Determine mechanisms

• Identify emerging technologies suitable for management of toxic exposures in the space

environment (Klempner, Sutton projects with input from JSC, ARC and JPL personnel).

• Investigate mechanisms and determine validity of approaches in reducing risk of toxic

exposure (Klempner. Sutton projects in collaboration with biotechnology companies,

including SRU Biosystems).

Objective 2C. Develop countermeasures

• Test technologies suitable for toxic exposure monitoring in remote harsh environments

(Klempner project, collaboration with JSC, ARC biosensors group, JPL).

• Tests sensors on animals for toxic exposures and medical sequelae of exposures

(Klempner project, collaboration with JSC. ARC biosensors group, JPL).

• Human subject demonstration of novel technologies for assessment of toxic exposures

(Klempner project, collaboration with JSC and ARC biosensors group).

• Evaluation of "smart" systems for assessment of toxic exposure in simulated space

environment (Klempner, Sutton projects, collaboration with JSC personnel).
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Goal 3: Methods to Reduce Risk of Altered Pharmacodynamics and Adverse Drug

Reactions

Objective 3A. Assess risk and target level of acceptable risk

• Determine the full range of risks and implications of space flight alterations in human

physiology concerning pharmacology for clinically useful medications. This requires

interactions with JSC scientists, flight surgeons and astronauts. Team members have

been acquiring such information (Klempner, Putcha, Sutton, Thomas projects).

• Determine the full range of current pharmacological practices taking into account

international requirements and resources (Putcha project: JSC personnel).

Objective 3B. Determine mechanisms

• Identify emerging technologies suitable for establishing the effects and implications

regarding absorption, distribution, metabolism, clearance, excretion, clinical efficacy,

side effects and drug interactions for clinically useful medications (Putcha, Sutton,

Thomas projects).

• Investigate mechanisms and determine validity of approaches for quantifying altered

pharmacodynamics and adverse drug reactions (Putcha project: this area requires further

support).

Objective 3C. Develop countermeasures

• Test technologies suitable for non-invasive drug delive_" of clinically' relevant

medications for space flight (Putcha project).

• Establish clinical efficacy and side effect profiles of appropriate medications for space

flight (Putcha project).

• Determine space and radiation hardness of appropriate medications (this area requires

further support).

• Human subject demonstration of novel drug delivery,' system with established efficacy'

and high benefit to risk ratio (Putcha project in collaboration with JSC flight surgeons

and astronauts).

Goal 4: Methods to Reduce Risk of Illness and Ambulato_' Health Problems

Objective 4A. Assess risk and target level of acceptable risk

• Determine the full range of risks of illnesses and ambulatory health problems using

evidence based medicine. All team members have been acquiring such information from

published reports, JSC personnel (in collaboration with the Director of the Space and

Life Sciences Directorate) and current and former astronauts and flight surgeons.

• Determine the full range of current clinical capabilities taking into account international

requirements and resources (Crum. Klempner. Putcha. So|ler, Sutton. Thomas projects:

JSC personnel).

Obiective 4B. Determine mechanisms

• Identify emerging technologies suitable for management of illnesses and ambulato_

health problems in the space environment (Crum, Klempner. Putcha, Soller, Sutton.

Thomas projects).
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• Investigate mechanisms and determine validity of approaches in reducing risk of illness

and ambulatory health problems (Crum, Klempner, Putcha, Soller, Sutton, Thomas

projects).

Objective 4C. Develop countermeasures

• Test technologies suitable for conducting a nominal health and fitness examination, and

for performing ongoing health monitoring, in remote harsh environments (Crum,

Klempner, Putcha, Soller, Sutton, Thomas projects).

• Tests sensors on animals for physiological monitoring (Crum, Klempner, Putcha, Soller,

Thomas projects).

• Human subject demonstration of novel technologies for assessment of nominal health

and fitness examination, and ongoing health monitoring, in simulated space

environment (Crum, Klempner, Putcha, Sotler, Sutton, Thomas projects).

• Evaluation of "smart" systems for assessment of nominal health and fitness

examination, and ongoing health monitoring, in simulated space environment (Crum,

Kiempner, Putcha, Soller, Sutton, Thomas projects).

Goal 5: Develop a Platform for Suite of Medical Devices

Obiective 5A Assess and develop platform prototypes

• Identify adaptable, reconfigurable hardware that is software intense and able to support

a suite of medical devices (Crum, Klempner, Sutton, Thomas projects: this area requires

further support).

• Develop software capable of providing local computation on sensors with integrative

abilities across the entire suite of sensors (Sutton project: this area requires further

support).

• Develop models of the entire network that can process data streamed in real-time,

predict outcomes and recommend actions, including countermeasure deliveR' (Sutton

project: this area requires further support).

Objective 5B. Implement platforms and assess capabilities

• Test hardware and software prototypes by adding a single sensor-algorithm-effector

system to the platform and ensuring that the system remains functional (Crum, Davies.

Klempner, Sutton. Thomas projects: this area requires further support).

• Add several sensor-algorithm-effector systems to the platform and ensure that each

system remains functional (Soller, Sutton projects: this area requires further support).

• Link systems to provide added value to physiological monitoring, prediction and

countermeasure delivery, (Sutton project in collaboration with JSC medical operations:

this area requires further support).

• Expand system to automate monitoring and countermeasure delivery in significant risk

scenarios, including trauma, toxic exposure, illness and ambulato_ _ health problems

(Crum, Soller, Sutton pr_iects in collaboration with JSC medical operations: this area

requires further support).

Goal 6: Develop Earth-based Applications for Non-invasive, Portable Physiological Sensing

and Medical Diagnostic and Therapeutic Devices

Obiective 6A. Identification and demonstration
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• Identifypromisingdevelopmentswithin andbetweenprojects,and identify the need(s)
for applyingthesedevelopmentsto Earth-basedproblems(all teamprojects).

• Demonstratepromiseof efficacyand superiorityof technologiesto solve Earth-based
problems(all teamprojects).

Objective 6B. Leveraging and transition

• Secure additional support from government, academic and/or industry to leverage

NSBRI funding and to firmly establish efficacy and superiority of technologies to solve

Earth-based problems (all team projects).

• Protect intellectual property.

• Engage NSBRI Industry Forum and other avenues to perform due diligence and possible

commercialization.

Goal 7: Integrate Research and Analysis

Objective 7A. Integrate research within the Smart Medical Systems Team

• Continue current integration efforts among team Pls, co-investigators and key NASA

personnel affiliated with team projects, as summarized in Table 11.2.

Obiective 7B. Integrate research with other teams

• Continue current integration efforts with other teams and with integrated human

function modeling efforts, as summarized in Figure 11.1.

• Continue coordinated technology development efforts with the Technology

Development Team.
• Continue coordinated interactions and collaborations with the Cardiovascular

Alterations, Human Performance Factors, Sleep and Chronobiology, Neurobehavioral

and Psychosocial Factors, Immunology, Infection and Hematology. Muscle Alterations

and Atrophy. Nutrition, Physical Fitness and Rehabilitation. Bone Loss and

Neurovestibular Adaptation Teams (mapping of SMST projects to other teams shown in

Figure 11.1).
• Coordinate with the Radiation Team regarding the effects of space radiation on medical

illness in animals as a prelude to assessing and monitoring the effects in humans.

Objective 7C. Integrate research with investigators not formally associated with the NSBRI

• Although all of the projects on the SMST involve collaborations among leading

investigators from different schools, universities, companies and Federal agencies, team

members continue to seek out expertise from scientists not formally part of the NSBRI

who can contribute to many of the areas under study. The number of investigators who

initially were not associated with the NSBRI and who now collaborate with the SMST
exceeds the number of investigators originally supported on the team. The SMST

continues to serve as a nidus in an emerging area of space and Earth-based biomedical

research.

12.6 SUMMARY

The SMST is a collaborative effort within the NSBR1 and with NASA that firmly embraces the

countermeasure development paradigm to deliver critical aspects of an advanced, integrated and
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autonomous system for astronaut health assessment, maintenance and medical care. The success

of the team is dependent upon new enabling technologies, the establishment of risk priorities

based on hard evidence and opportunities to demonstrate countermeasure efficacy on the ground

and in a space medicine environment. The importance of this research is clear, as the risk of

Trauma and Acute Medical Problems is one of the four Type I risks on the Critical Path

Roadmap. The team currently focuses on the top four out of six risks (Risk-Based Goals 1 to 4)

listed under Clinical Capabilities in the Critical Path Roadmap. Modeling and applications for

Earth-based care are active areas of investigation and achievement.

Tables l l.3a and l l.3b summarize the plans to achieve Goals 1 to 4. While there is a critical

mass of investigators to implement this plan, there is a need to supplement the work in

pharmacology and in the systems engineering to develop a platform for a smart medical system.

Moreover, it should be recognized that further support is required to foster the critical interface

between members of the SMST and the flight surgeon and NASA engineering communities,

especially with respect to meeting medical requirements and achieving feasible device

implementation.

With adequate adjustment in program support, it is anticipated that the SMST will continue its

successful course as noted by the External Advisor?' Council in March 2002. There is enormous

potential in the team's individual projects, the added value across team projects and interactions

with other teams. The SMST is well positioned to make significant contributions to Earth-based

clinical care. Figure 11.1 summarizes the implemented strategy for interactions and Figure 11.2

proposes the strategic model for a revolutionary form of a smart medical system for space and for

Earth.
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SMART MEDICAL SYSTEMS PROGRAM

Table l 1.1. Project Research Activities

Pl/Project

CRUM/Guided Iligh

Intensity Focused

Risk(s) Addressed
Countermeasure

Target

Monitoring, reed

assessment

Ultrasound lbr Mission-
Critical Care

Trauma, acute medical

problems

Surger 5

Experimental

System

DAVIES' Vascular

Genomics in Gravitational

Transitions

KLEMPNER'Smart

Medical System lbr

M icroorgan ism Detection

PUTCHA Microcapst, le
Gel Formulation for

lntranasal Promethazine

Rehabilitation

tbllowing landing

Traulna. acute med

Toxic exposure

Illness, ambulatory

health problems

Altered

pharnmcodynamics

Training

Monitoring, reed

assesslnenl

Pharmacological

agents

Pharmacological

agents

Image guided
ttlFIJ for acoustic

hemostasis

I typergravity mice,
vascular RNA

Phage displayed

l igands
Colorimetric

resonant sensors

Microencapsulation
Kinetics and bio-

availability in rat

Phase 1

Activities:

Focused

Mechanistic

Research

Determine

efficacy of HIFU

on tissue for

bloodless surgery

Understand

vascular gene,

protein effects

in hyper-g

Establish

microbial

phage libraries

of space fungi

and sensitivity

of reflectance

biosensor

Phase 2

Activities:

Preliminary

Countermeasure

Development

Research

Develop integrated

imaging - HIFU

system

Develop and test

novel sensor to

detect and analyze

phages

Develop and test

microencapsulated

promethazine

Phase 3

Activities:

Mature

Countermeasure

Development

Research

Planning for
human

demonstration of

system

Planning of
human studies for

drug delivery

system
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SOLLER/Noninvasive
Measurement of Blood and

Tissue Chemistry

SUTTONq'qear Infrared

Brain Imaging for Space
Medicine

THOMAS/Diagnostic 3D
Ultrasound Algorithms for
Space Applications

THOMAS Echocardiograp
hic Resource for
Microgravity Studies

Trauma, acute med

Illness, ambulatory

health problems

Trauma, acute reed

Illness, ambulatory

health problems

Trauraa, acute med

Illness. ambulatory

health problems

l_raunla, acute med

Illness, ambulatory

health problems

Monitoring. med

assessment

Exercise

Monitoring. reed

assessment

Performance

adjustments

Monitoring, reed

assessment

Pharmacological

agents

Monitoring. med

assessment

Training

Near infra-red

spectroscopy and

algorithms

Diffuse optical

tomography,

simulated docking

task. ICP changes

Ultrasound and

algorithrns in
animal and human

models

lraining paradigms

Refine NIRS

technology for

tissue pH and
hematocrit

determination

Develop DOT

system and

validate using

fMRI to detect

regional brain

activity and

ICP changes

Identify and

adapt new

algorithms for

real-time

evaluation of

cardiac and

renal echo data

Utilize NIRS for

non- invasive

tissue moni-toring

during exercise

Integrate DOT
assessment of

brain function

during simulated

docking task

Develop and test

algorithms for

semi-automated

interpretation

Testing of training

protocols to use

echo equipment

and analyze

Plans to test

system during

space flight
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Internal

Communication

Integrated

Experiment

Development

Table 11.2. Integration Activities

CRUM

HIFU for

mission

critical care

Monthly
team
telecon:

Biannual

tealn

meeting:
NSBRI

retreat:
Biannual

NASA

meeting:
National

scientific

meetings
Sensor

aspects link
to both

TltOMAS

projects

DAVIES

Vascular

genomics in

g transitions

Monthly
team telecon;
Biannual

team

meeting:
NSBRI

retreat:
Biannual

NASA

meeting;
National
scientific

meetings

Vascular

studies link

Cardiovascul

ar

Alterations

team

KLEMPNER

Smart

microorganis
m detection

sys

Monthly team
telecon:
Biannual team

meeting:
NSBRI

retreat:
Biannual

NASA

meeting:
National

scientific

meetings

Algorithms
link to

SUTTON

prc!ject:

Phage library
studies link to

I I I 1 tearn

PUTCHA

Microcapsule

drug
formulation

Monthly team
telecon;
Biannual team

meeting:
NSBR1

retreat:
Biannual

NASA

meeting:
National

scientific

meetings

Promethazine

development
links to

Neurovestibul

ar Adaptation
team

SOLLER

Non-

invasive

blood &

tissue

chemistry

Monthly
team

telecon:
Biannual

team

meeting:
NSBRI

retreat;
Biannual

NASA

meeting;
National

scientific

meetings
Sensor

links to

SUTTON

project:

Application
s links to

Muscle

team

SUTTON

Near

infrared

brain

imaging for

space med
Monthly
team telecon;
Biannual

team

meeting:
NSBRI

retreat;
Biannual

NASA

meeting;
National
scientific

meetings

Sensor links

to SOLLER

project;

Algorithms
link to

KLEMPNER

and

THOMAS

projects

THOMAS

Diagnostic

3D

ultrasound

for space

Monthly
team telecon;
Biannual

team

meeting;
NSBRI

retreat;
Biannual

NASA

meeting;
National

scientific

meetings

Sensor links

to CRUM

project;

Algorithms
link to

SUTTON

project;
Echo links to

CV team

THOMAS

Echo-

cardiographi

c resource

Monthly team
telecon;
Biannual team

meeting;
NSBRI

retreat;
Biannual

NASA

meeting;
National
scientific

meetings

Sensor links
to CRUM

project;

Algorithms
link to

SUTTON

project;
Echo links to

CV team
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Sample Sharing

Synergistic
Studies of

Opportuni_'

Development of

Computer
Model of

Integrated

Human

Function

Studies with

DoD /

DARPA

Image /

model

guided

surgery

Bioengineeri

ng Center, U

Penn

Data mining

Specimen

sharing with
JSC

microbiology

SRU

Biosystems.

biotechnology

industry

Neural nets

Pharma

industry
collaborations

for pattern

recognition

I

Collaborati

on with

CABRAR

A project

Medical

assessment

for

diabetics.

surgical

patients

Algorithms

for pattern
identificati

on

Cognitive

task sharing
with JSC

flight

surgeons
Neuro

monitoring in

ICU, Harvard

Neural nets,

software

engineering

platform

Vascular

investigation

s link to

DAVIES

project

Cardiac,

renal

imaging apps

in reed

practice;

flight apps

Algorithms
for

individualize

d astronaut

models

Resource is

shared within

NSBRI and

NASA

Resource of

National value

Modeling for

training

purposes
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Table 11.3a. Achieving Goal 1" Methods to Reduce the Risk of Trauma and Acute Medical Problems

Countermeasure Development Phases

Phase 0: Observational & Phenomenologicai Research

Phase I: Focused Mechanistic Research

• Identify technologies suitable for non-invasive physiological

assessment

• ldentil_' capabilities of sensor technologies lbr use in trauma

• Identify promising new non-invasive surgical interventions

• Assess validity of sensors based on gold standards in health

and disease

• Establish with NASA Medical Ops personnel levels of risks in

humans

Phase 2: Preliminary Countermeasure Development Research

• Test sensors for normal anatomical and physiological non-

invasive monitoring in animals and humans

• Test sensors for anatomical and physiological non-invasive

monitoring in animals and humans during trauma and acute

medical conditions

• Develop time-derivative pattern recognition and other

algorithms for near automated detection of significant medical

altcrations based on sensor data

• Refinement ofnon-invasive surgical capabilities integrated

v_ith image guided detection, interpretation and assessment of

treatment efficacy
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Phase 3: Mature Countermeasure Development Research

• Human subject demonstration of sensor- algorithm devices for

trauma and acute medical problem assessment , ,

• Human subject demonstration of sensor - effector {treatment)
devices for trauma and acute medical problems I

Phase 4: Countermeasure Evaluation & Validation

• Evaluation of sensor - algorithm - effector "smart" system in

simulated s ace fli ht conditions __.,, _...

Phase 5: Operational Implementation of Countermeasure
i

Strategy _...._ _._
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Table 11.3b. Achieving Goals 2-4: Methods to Reduce the Risk of Toxic Exposure_ Altered

Pharmacodynamics and Adverse Drug Reactions_ and Illness and Ambulatory Health Problems

Countermeasure Development Phases
ere

2001

_ase 0: Observational & Phenomenological Research

Phase 1: Focused Mechanistic Research
_lmla

• Identify emerging technologies suitable for management of

toxic exposures, drug delivery and alterations, and nominal

health exam. in space environment

• Investigate mechanisms and determine validity of approaches

in health problems

• Establish with NASA Medical Ops personnel levels of risks in

hunlflns

Phase 2: Preliminary Countermeasure Development Research

• lest technologies suitable for health monitoring in remote

harsh environments

Phase

• Test sensors for toxic exposures and medical sequelae of

exposures

• Investigate novel drug delivery and other pharma concerns to

reduce drug adversity in space environment

3: Mature Countermeasure Development Research

• Human subject demonstration of novel technologies for

assessment of health and medical problems, including

2001 2002 2003 2004 2005 2006 2007 2008'2009 2010 2011 2012
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exposure to toxins
• Determine in human trials countermeasure effectiveness of

'hase 4: Countermeasure Evaluation & Validation

• Evaluation of'_smart "' systems for assessment of health and

medical problems in simulated space flight conditions

• Establish efficacy of new pharma approaches, including

Phase 5: Operational Implementation of Countermeasure
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Technical Services Department

Applied Physics Laboratory

Johns Hopkins University

11100 Johns Hopkins Road

Laurel, MD 20723-6099

240-228-8050

240-228-6119 FAX

harry__ charles_jhuapl.edu

13.1 INTRODUCTION

The Technology Development Program (Team) of the National Space Biomedical Research

Institute (NSBRI) is chartered with developing technologies that will lead to a better

understanding of the barriers to long-duration space exploration and assist in the development of
countermeasures to assure safe and productive missions. The prima_ focus of the Technology

Development Program is directed toward those technologies that support the ground-based and

space-based research of the other NSBRI research teams and space life science research
community at large. Accordingly, it creates systems and tools such as sensors, instruments,

devices, and intelligent software. Requirements for these tools and technologies are predicated

on the carefully developed needs of the other research teams. In particular, the Technology

Development Team selects projects that: (1) support the. investigation of the effects of spaceflight

on human physiology and behavior; (2) apply this information toward the development of

techniques, technologies, instruments, and countermeasures that will sustain humans during

future long-duration space missions; and (3) benefit the quality of life and medical care on Earth.

Synergism is a key element of the program and the Technology Development Team strives to

bring the engineering and biological science disciplines together in the identification and

development of devices, instrumentation, and systems that address the fundamental research
issues critical to the human exploration of space. A unique feature of the Technology

Development Team's projects are their ability to bring an integrated systems engineering

perspective (cross discipline) to bear on technology development as it supports the basic
research. An important by-product of this integrated approach is the cross-education of the basic

and applied science researchers in engineering and technology disciplines and the applied
research and development engineers in biological and medical science.

13.2 IDENTIFYING TECHNOLOGY NEEDS

Identifying technology and technology development projects that are important to the

requirements of the other NSBRI teams and the human exploration of space is a critical element
of the Technology Development Team's charter. These technology identification activities fall in

three general areas: (1) assessing the developments in science, technology, and engineering by

industry, academia, and government that may impact the conduct of both space- and ground-
based research in support of the human exploration of space: (2) monitoring the risks to

spaceflight and NASA's humans in space roadmap to ensure that the current and future

223



technological developments align with the major risk areas; and (3) fostering close
communicationsbetweenNASA, the NSBRI, and the industrial and academiccommunitiesto
focus the new technologiesand revolutionary developmentson specific methodsof risk
reductionandcountermeasures.

While all fields of engineeringandappliedsciencearerapidly changingasnew materials,tools,
andprocessescomeon line, afew areasimportantto medicalandbiological sciencesandNSBRI
researchcanbe identified. Theseareasinclude miniaturizeddevicesand sensors,engineered
materials,wirelesscommunications,informationprocessingandstorage,andautonomouscontrol
andoperation.Theworld of microelectronicscontinuesits revolutionwith moreandmoreactive
devicesbeingplacedonasinglechip (i.e., apieceof semiconductormaterialthesizeof ahuman
fingernail). Theprocessingandscienceusedto achievethe fantasticdensitiesof activedevices
ona singlechip (100million to 1 billion) hasbeenappliedto severaladjunctfields which hold
promise in the biological arena, especially'sensors. In particular, microelectromechanical
systems(MEMS) canproduceminiaturizedmechanicalparts that moveunderthe action of an
appliedelectriGfield or otherstimulus. Suchtechnology'offers greatpossibilitiesfor detectors
andsamplersthatcanbeusedto collect biological samplesandprovideona chipanalysiswork.
Other miniaturizedand materials technologieswill lead to entire analysissystemson chip.
Nanotechnologyandits associatedself-assemblytechniqueswill bea major underpinningof all
advancedmaterialsandcompositestructures.It will havetar reachingeffectson the biological
andmedicalworldsrangingfrom the impregnationof bandagematerialwith silvernanoparticles
to promotewoundand burnhealingwhile preventinginfectionto the developmentof the fully'-
instrumentedhuman by utilizing smart garmentscomposedof compositeswith embedded
nanofibersfor sensingandcontrolof thebody,environment.

The wireless communications explosion will have a significant impact on human
communications as well as the control and readout of scientific information. Wireless interfaces

will do much to improve clutter in cramped spacecraft as well as speed data collection and

improve the comfort of astronauts during the experimental process. Advances in signal

processing and information storage and processing will allo_: vast amounts of information to be

stored on board the spacecraft as well as effective data compression for scientific information
transmission. The exploitation of autonomous systems and automated control offer significant

advantages for reducing the experimental burden on both the research scientist and the astronaut.

Such systems range from the robotic control of machines and machine processes (e.g., blood
sampling and analysis) to improving the quality' of health delivery, during long-duration space

missions by using smart medical systems.

Since such a myriad of potentially' useful technologies, devices, and instruments could have

significant impact on an astronaut's health and his ability to perform his mission, it is important
for the Technology' Development Team to identify' the most important of NASA's risk factors for

humans in space and then from these risk factors identify technology applications and devices

that might produce significant risk countermeasures or aid human adaptation or health care in

prolonged flight environments.

The Critical Path Roadmap (CPR) provides the foundation needed by NASA to ensure that

human spaceflight now and in the future is as sate, productive, and healthy as possible (within
the mission constraints'_ regardless of the mission duration or destination. The CPR provides a

framework for risk identification, risk prevention, and the need tbr viable countermeasures

associated with humans in long-duration spaceflight. ]he Technology Development Team uses

this roadmap as one means of prioritizing project selection. For example, bone loss in
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microgravity is considered one of the most serious risk factors (Type 1). Two NSBRI research

teams are addressing bone loss and the causal or associated muscle alteration in space. The

Technology Development Team has ongoing projects that directly support the efforts of both the
bone and muscle teams.

Using the roadmap alone is not sufficient to identify all technology needs of the NSBRI research
teams as well as the needs for human spaceflight. The Technology Development Team actively

engages members from the other research teams, the medical science community, and NASA to
assess additional technical requirements. Through various individual team leader and working

group interactions, the needs are identified, distilled, and then focused into a technology

development program.

13.3 GOALS

The Technology Development Team has the following goals for its program:

Goal 1: Identifying new technological advancenlents and developments that can have a mq/or

impact on space biomedical research and astronaut health.

Goal 2: Contribute to risk reduction in each CPR priority area by developing new medical

instruments and devices Jbr both ground- and ,wace-based research and countermeasure

development.

Goal 3: Exploit the developments and advances made by Technology' Development Team

pro/ects to improve the quality o.[li[+' and health care delivery on Earth.

Goal 4: Promote the trans.fer o/ NSBRl-developed technological advances to industry fi_r the

benefit of Earth-based medical care.

Goal 5: Integrate technology development needs across other NSBRI teams, medical science

community, and NASA through service and cornnlunication to become recognized as an

important service arm that helps these researchers develop needed tools and instrumentation.

13.4 DESCRIPTION AND EVALUATION OF THE CURRENT PROGRAM

Description of Current Projects

The risks associated with long-term exposure to microgravity and a high radiation environment

are numerous: they represent the basis Ibr the research program pursued by the NSBRI. Most of

the ongoing NSBRI research is vertically integrated within a specific thrust area. For instance.
the research teams typically have a core research topic that is combihed with several special topic

areas to form a disciplined approach to addressing a number of related issues.

The Technology' Development Program is implemented in a different manner. The funded

projects are selected, among other reasons, for their ability to provide necessary and enabling

technologies for the basic research areas. Thus, the thrust area is laterally' integrated with the
other research areas. Figure 13.1 is a diagram showing the interaction between the eight current

Technology Development Team projects and the other ten NSBRI research teams. As can bc

seen in Figure 13.1, the current Technology Development Team projects support nine of these

remaining ten research areas.
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Technology Development Team Projects
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Figure 13.1. Mapping of current NSBR1 Technology Development Team projects into the

remaining ten NSBRI research areas.

The Technology Development Team generally focuses on projects that will deliver a specific

product (e.g., sensor, instrument, etc.) in a specified period of time. typically one to three years.

Of particular interest are projects that have strong technology transfer potential to industry, so that
the products of the development can be made available to support the research activities of other
teams and achieve maximum societal benefit. Projects under the Technology Development

Team umbrella are encouraged to interact with industn' early in the development cycle. The

NSBRI's Industry Forum can foster such interactions.

Proposals to the NSBRI Technology Development Program are expected to be of sufficient
maturity (i.e., NASA Phase A (Conceptual Design)) so that: (1) the critical research issues can be

readily identified, (2) the relevance of the technology development to the key research needs of
the other NSBRI research teams and human spaceflight is evident, and (3) the technical approach

and development plan directly lead to a deliverable (instrument, sensor, countermeasure device,

etc.) within a reasonable timeframe.

Currently, there are eight projects under the umbrella of the NSBRI Technology Development

Team: three projects continuing from the first research cycle (I 998-2000) and five new projects

that were nominally started in February, 2001. Some projects had slightly later starts due to

funding transfer issues. Due to budget cuts and change in Principal Investigators, one project, the

Space Qualifiable MRI, has been delayed to Summer 2002. As shown in Figure 13.1, the

Technology Development Team projects address research needs and risk reductions in nine of
the ten NSBRI basic research areas. The research activities for each of the Technology

Development Team projects are listed in Table 13.1 and described below.

Project 1

Pl./Project Title: Harry K. Charles, Jr., Ph.D.
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Advanced Multiple Projection Dual Energy X-ray Absorptiometry

(AMPDXA) System

Need(s) Addressed: Provide accurate measurement of bone and muscle loss both in space and on
Earth. Measure the location of the bone loss and assess the integrity of the bone structure.

Countermeasures Target: Provide highly accurate bone mass loss and structural information so

that appropriate countermeasures can be developed, applied, and monitored.

Project Description: The purpose of the Advanced Multiple Projection Dual Energy X-ray

Absorptiometry (AMPDXA) Scanning System project is to design, build, and test a precision

scanning system for monitoring the deleterious effects of weightlessness on the human

musculoskeletal system during prolonged spaceflight. The instrument uses dual energy X-ray

absorptiometry (DXA) principles and is designed to measure bone mineral density (BMD),

decompose soft tissue into fat and muscle, and derive structural properties (cross-sections,
moments of inertia). Such data permits assessment of microgravity effects on bone and muscle

and the associated fracture risk upon returning to planetary, gravity levels. Multiple projections,

coupled with axial translation, provide three-dimensional geometric properties suitable for
accurate structural analysis. This structural analysis, coupled with bone models and estimated
loads, defines the fracture risk. The scanner will be designed to minimize volume and mass (46

kg goal), while maintaining the required mechanical stability' for high-precision measurement.
The AMPDXA will be able to detect 1% changes in bone mass and geometry and 5% changes in

muscle mass.

Two instruments (the Laboratory Test Bed (LTB) and a Clinical Test System (CTS)) have been
constructed to date. The LTB has been used to develop source and substrate parameters and to

test human bone segments. The CTS will allow human patient testing. The LTB has been fully

operational for the last three years. It has allowed the AMPDXA project to develop sources,
detectors, and software algorithms necessary for the high-precision detection of BMD and bone

structure. In this current period, the LTB has allowed the refinement of our BMD and structure

extraction algorithms as well as continued progress on the high-resolution separation of soft
tissue from bone. Multiple-projection analysis enables the user to evaluate bone structural

properties (e.g., bending strength) independent of subject position and orientation. Empirical
evaluations to date have demonstrated an average coefficient of variation in the maximum and
minimum moment of inertia of less than 3%. It is projected that further processing refinement

will reduce the error in a three-projection estimate to <1%; adding more projections will also

reduce the error.

The CTS is operational and initial human testing trials are about to begin. Initial results of the

CTS (using phantoms and cadaver parts) have shown even greater precision than the highly'

accurate LTB results.
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Project 2

Pl/Project Title: Richard H. Maurer, Ph.D.

Neutron Spectrometer

Need(s) Addressed: Monitor the neutron radiation environment inside spacecraft, large space

habitats, and on planetary surfaces.

Countermeasure Target: Provide highly accurate neutron radiation monitoring so that

appropriate countermeasures can be developed, applied, and monitored.

Project Description: A Neutron Energy Spectrometer is being developed to monitor the flight
radiation environment on the International Space Station (ISS), an interplanetary transport

vehicle, or on a planetary surface. Detector types were selected for the complete neutron energy

range and experimentally validated the concept for the low- and high-energy intervals. The

effectiveness of our charged particle discrimination system was demonstrated. Data analysis and

modeling efforts have verified the experimental results to date and the procedure for

deconvolving deposited energy spectra into incident neutron energy spectra. The engineering

prototype instrument was successfully flown on a NASA aircraft, demonstrating the robustness

and operational capability of our design. A balloon flight is planned that will yield scientifically

interesting data on the high-energy neutron environment. The balloon altitude was selected to
simulate the incoming or downward neutron environment of the surface of a planet like Mars.

Proiect 3

Pl/Pro/ect Title: Richard S. Potember, Ph.D.
Miniature Time-of-Flight Mass Spectrometer

Need(s) Addressed: Develop a miniaturized instrument that can quantitatively measure critical

biomarkers from breath, body fluids, products of infection, etc.

Countermeasure Target: Provide a highly accurate measure of human biomarkers associated

with many of the deleterious effects and conditions caused by microgravity and prolonged

spaceflight so that appropriate countermeasures can be developed, applied, and monitored.

Pr_/ectDescription: The long-term objective of the Miniature Time-of-Flight Mass

Spectrometer (TOFMS) project is to design, build, and launch a flight-qualified TOFMS for use

on space platforms such as the Shuttle. ISS, or a planetary mission. The TOFMS can identify,

and quantitatively measure critical biomarkers associated with the deleterious effects of
microgravity and long-duration spaceflight. The biomarkers can be determined from the analysis

of breath, body fluids, products of infection, and. perhaps, DNA repair products and DNA

mutations. As currently configured, the system appears to be of particular value to both the Bone
and Muscle Teams. but biomarkers important to several other research teams can also be

obtained. The TOFMS system being developed is small (less than 1 cubic Ibot). lightweight (less

than 5 kg), low power (less than 50 W). and rugged. This NSBRI-sponsored TOFMS is building

upon technology developed for DARPA to analyze chemical and biological weapons, while

being optimized for astronaut use and the identification and quantification of biomarkers. To
date. the TOFMS has shown spectra of compounds ranging from under 100 to beyond 10.000

atomic mass units (ainu). Sensitivities for such biomarkers in the parts per million to parts per

trillion range have been achieved.
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Many of the biomarker identification procedures are complex, requiring special protocols and

associated laboratory equipment. To carry the equipment and chemical supplies required to
monitor the health of an astronaut would be weight prohibitive, would necessitate specialized

training, and would require a significant fraction of the astronaut's time. The TOFMS provides a

small, efficient, broadband diagnostic instrument that can rapidly identify biomarkers important

for successful human space exploration.

Project 4

PI/Pro/ect Title: Jay C. Buckey, Jr., M.D.
Improved Bubble Detection for Extra-Vehicular Activity

Need(s) Addressed: Careful monitoring and understanding of the bubble nucleation process
associated with decompression sickness is required to reduce astronaut risks associated with

extra-vehicular activity.

Countermeasure Target: Provide an understanding of blood bubble nucleation and growth so
that effective countermeasures can be developed, applied, and monitored.

Project Description: The Improved Bubble Detection for Extra-Vehicular Activity (EVA)

project goal is to improve current bubble detection methods. The assembly of the ISS requires
extensive and unprecedented extra-vehicular activity. Because spacesuits operate at low internal

pressures, the astronauts are highly susceptible to decompression sickness (DCS) (gas bubbles in
the blood). A range of pre-breathe strategies, as well as suit gas mixtures and pressures, are

employed to mitigate the risk. During |SS construction, in-suit Doppler bubble monitoring will

be provided to detect conditions that increase DCS risk. Doppler bubble detection, while
effective, has three primary limitations: (1) it is motion sensitive; (2) it detects only moving

bubbles: and (3) it does not detect bubbles with diameters less than 80/Jm.

The Improved Bubble Detection for EVA project will exploit two transcutaneous ultrasonic
bubble detection and sizing instruments under development by NASA. These instruments utilize
bubble resonance (not Doppler) techniques, thus allowing the instruments to measure stationau'
bubbles as well as bubbles of smaller size. One instrument is optimized for intravascular bubble

detection in the size range of 30 to 200 pro. The other monitors extravascular bubbles in the l-

to 10-_tm-size range. Both instruments in in-vitro trials have demonstrated bubble detection at

their lower range limits.

Proiect 5

Pl/Project 75tie: Yi-Xian Qin, Ph'D.
Scanning Confocal Acoustic Diagnostic (SCAD) System

Need(s) Addressed: Measurement of bone loss in space so that appropriate countermeasures can

be developed, applied, and monitored.

Countermeasure Target: Provide measurement of bone material properties and relate to

countermeasure development and processing.
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Program Description: The Scanning Confocal Acoustic Diagnostic (SCAD) System project is
focused on the measurement of bone loss is space. On Earth, early diagnosis and proper

treatment of progressive bone loss (and/or poor bone quality) can dramatically reduce the risk of
bone fracture. Ultrasound systems have the potential for determining the material properties of

bone in a safe, repeatable, and highly accurate manner. Limitations in the performance of current

ultrasound systems restrict their application to first-order screening, rather than the clinical

standard upon which osteoporotic diagnosis and treatment regimens are based.

The SCAD is usable not only for ground-based determination of bone's physical properties; but,

because of its low weight and size, it is also suitable for monitoring subtle changes in bone

density and strength during extended spaceflight. The SCAD project is divided into four basic

parts: (1) development of the SCAD system hardware, (2) correlation of SCAD-determined

sound velocity and attenuation measurement with micro-CT bone BMD and structure, (3)

prediction of the risk of trabecular bone failure associated with osteoporosis in the animal model,
and (4) correlation of SCAD-derived BMD and structural modules with DXA measurements.

Project 6

Pl/Pr_/ect Title: Veljko Radeka, Ph.D.
Heavy Ion Microbeam and Micron Resolution Detector

Need(s) Addressed: The micron resolution detector, together with the microbeam, will allow the

localized position of an ion impact within a cell to be determined. This is an enabling technique

for radiobiology studies.

Countermeasure Targets: Understanding of the effects of radiation damage within the cell so

effective countermeasures can be developed.

Program Description: The Heavy Ion Microbeam and Micron Resolution Detector System is

aimed at studying radiation effects at the cellular level. Using microbeam irradiation facilities, it

is now possible to place discrete numbers of particles in defined cellular and extracellular
locations. Such facilities permit heavy-ion radiobiologists to explore the impact of signal

transduction between cellular compartments as well as issues related to intercellular

communication at low limiting fluences where not all cells in a population have been traversed.

A high-energy, heavy-ion microbeam will alloys an important unanswered question to be
addressed, i.e., whether neurons that survive transversal by high-energy heavy ion (HZE)

particles develop changes as a late consequence of the damage they incurred. These low-fluence
studies will increase the understanding of the consequences of exposure to high, linear energy

transfer (LET) radiation, such as encountered in the space radiation environment. (See the NES

proiect above.) Currently, the microbeam detector has been designed and simulated.

The purpose of the Heavy Ion Microbeam and Micron Resolution Detector project is to allow
such radiation studies as described above to take place by developing the following tools: (i) a

microbeam (diameter 10 ¢tm) of heavy ions (e.g.. iron) at energies higher than existing ion

microprobes (3 GeV/nucleon). and (2) an electronic position-sensitive detector for heavy ions

with a position resolution better than 1 pro. Interactions between the Heavy Ion Microbeam and
Micron Resolution Detector project and the Radiation Team have taken place.
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Project 7

Pl/Project Title: Brian L. Davis, Ph.D.
Dynamic Exercise Countermeasure Device (DECD)

Need(s) Addressed: Demonstrate that proper in-flight exercise can counter the microgravity-
induced bone and muscle loss.

Countermeasure Target: Develop a direct countermeasure to bone and muscle loss in space.

Program Description: The Dynamic Exercise Countermeasures Device (DECD) is aimed at

developing a countermeasure to bone and muscle loss in space. Bone demineralization (bone

mass loss) is a well-documented physiologic effect of long-duration spaceflight and

microgravity. Animal experiments on Earth have clearly indicated that: (1) certain bone strains
and strain rates stimulate bone deposition, and (2) repetitive loading of the lower extremity can

increase osteonal bone formation even as proximally as the vertebral column. Such studies have

also indicated that a relatively small number of appropriate weight-loading cycles may be

sufficient to stimulate bone deposition. Based on prior research with weight-loading experiments

upon the foot, a dynamic exercise countermeasure device that utilizes jumping as the mode of
exercise for the astronauts is under development. The DECD project is divided into three phases:

( 1 ) develop a lightweight, vibration-isolated exercise device, suitable for use on the ISS, that will

permit dynamic jumping exercise within microgravity: (2) perform system testing using zero-

gravity simulation: and (3) verify DECD efficacy' in true microgravity through KC-135

experiments. Currently, a prototype device is in operation.

Project 8

Pl/Proiect Title: Isaac Bankman, Ph.D.
Space Qualifiable Magnetic Resonance Imaging (MRI) System

Need(sl Addressed: MRl needed in space for animal studies and peripheral (limb) measurements

on humans.

Countermeasure Target: Provide highly accurate bone and soft tissue measurements to verify

countermeasures in space-based animal studies.

Program Description: The goal of the Space Qualifiable Magnetic Resonance Imaging (MRI)

System is to develop a proof-of-concept engineering model of a space-qualified MRI system for
small animals and astronaut limbs with a mass of less than 130 kg and low average power

(<1 kW quiescent and <1.2 kW when scanning). An on-board processor or personal computer

can be adapted to display the collected information. MRIs provide high-resolution, high-quality
anatomical information without ionizing radiation, so they can be safely and repeatably used to

track changes without deleterious effects.

As a result, the study of physiological alterations in space and the development, verification, and
maintenance of countermeasures will be significantly' enhanced. Mice and small rat models are

useful surrogates to carry out in-orbit physiological studies. In-flight MR imaging of these

animals will be of particular benefit to countermeasure development by' several of the NSBRI
research teams. Measurement of alterations in the limbs of the astronauts, especially the lower

limbs, will provide partial confirmation of countermeasure effectiveness and of the utility of
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Earth-based animal models. The MRI system is particularly amenable to the study of soft tissue

and bone. To date, magnet trade-off studies and initial system designs have taken place.

Evaluation of Program

The seven active NSBRI Technology Development Team projects are making significant

progress against their development goals. The three continuing projects have operating
instruments, while the relatively new projects are in various phases of instrumentation

development. For example, the two AMPDXA instruments (LTB and CTS) are operational and

the CTS is being readied for human trials. In addition, commercialization discussions are

underway to transfer the technology to industry. The neutron spectrometer is being readied for a

high altitude balloon flight after completing several successful aircraft flight tests. The TOFMS
has identified with high sensitivity several biomarkers associated with bone and muscle loss.

The heavy ion microbeam and detector system has been designed and the detector fabricated.

When completed, this resource will address several very current and significant issues in cellular

biology. The SCAD system is operational and is performing correlation studies between
measurements in the extremities and the weight-bearing bones. The bubble detection project has

developed prototype equipment that has detected microbubble formation at various nucleation
sites within the body. The DECD is in its second prototype design phase. Each of the projects

and prototype instruments is addressing the major goals of the Technology Development Team,
the NSBRI, and NASA by either developing research tools that facilitate the measurement and

analysis of critical parameters necessary' for the research of the other NSBRI teams or creating
direct countermeasures to the risks encountered in long-duration spaceflight.

The Technology Development ]cam is constantly on the alert for technological developments
and advancements (Goal 1) that will have impact on both the NSBRI and space life science

research. For example, working closely with the Bone Team, the Technology Development

Team was able to identify two major impediments to the development of countermeasures for
bone demineralization: understanding of the bone mineral loss process and being able to monitor

the instantaneous conditions of the subjects" bones. The TOFMS (Project No. 3) has been

adapted to monitor the biomarkers for bone loss. While the TOFMS was developed under
DARPA funding for solids analysis, newly invented methods of sample preparation and fixing

techniques has allowed its applicability to biological specimen analysis. Historically, space-
based monitoring of such biomarkers has typically relied on collection of specimens (urine,

blood, etc.) and then storage of the specimens until Earthly return. Specimen analysis may, under

good conditions, be completed many months after completion of the mission, but certainly does
not aflbrd the ability to provide closed-loop monitoring and control of countermeasures (Goal 2).

The AMPDXA project (No. 1) and the SCAD project (No. 5) specifically address the monitoring

issue. Both these projects have completed engineering model instrumentation developments

(Goal 2) and have demonstrated the ability to provide quantitative information that is critical to
the current and future research of the Bone Team. These devices have been designed to be

directly adaptable for in-space use. Size, weight, and power are currently, or soon will be,

appropriate for routine launch and regular use on-orbit or in missions beyond Earth. Using
advanced automation techniques (Goal 1), these devices and their associated analysis methods

can be operated by individuals with very little training. Thus. the devices have broad utility in

both space- and Earth-based applications.

The bone demineralization conditions that astronauts experience in space arc similar to those that

exist in clinical populations (e.g., age-related osteoporosis, quadriplegic, etc.) on Earth. Thus.
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the research supported by the AMPDXA, SCAN, and TOFMS is expected to have a direct

positive influence on health care delivery on Earth (Goal 3). In addition, the technology itself

has demonstrated better performance than commercially available devices. In particular,
commercialization (Goal 4) of a clinical version of the AMPDXA is being pursued that has great

potential to improve screening and treatment for age-related osteoporosis.

Muscle alteration research faces the same challenges of loss mechanism determination and

monitoring as noted above for bone. Both the AMPDXA and TOFMS provide the same

capabilities (i.e., monitoring and biomarker determination, respectively) in support of risk
reduction for muscle as they do for bone. Advanced AMPDXA muscle algorithms (Goal 1),

coupled with a radical new x-ray source (Goal 1), offer a promise of similar precision
measurements of muscle as has been demonstrated for bone. The DECD (Project No. 7) offers

the potential to directly countermeasure muscle loss in space (Goal 2).

Exposure to radiation in space is a threat that can lead to an increased risk of cancer and DNA

damage. A significant portion of the exposure, between 30-60%, results from neutron sources
that are extremely difficult to monitor, let alone characterize, in real-time. The absence of a

portable, quantitative, real-time neutron spectrometer results in an exposure safety risk for
astronauts (Goal 1). The Neuron Energy Spectrometer Project (No. 2) is developing a

spectrometer (Goal 2) that can supply information on the neutron environment to the Radiation
Effects Team in support of assessing radiation damage and cancer risk. The prototype of this

unit is operational and has just completed several flight tests in F15 aircraft. The Ion Microbeam

Project (No. 6) will address radiation damage at the cellular level.

Orthostatic intolerance can result in syncope when an individual is subjected to gravitational

influence after exposure to microgravity. This situation can pose severe risks to astronauts who

have to execute unassisted emergency procedures or extraterrestrial landings. The need to

predict, prevent, or control orthostatic intolerance and its effects is significant to the space
program. Both the TOFMS and the MRI project (No. 8) have the ability to provide near real-

time monitoring of parameters related to orthostatic intolerance. The TOFMS can detect various
heart-related biomarkers and the MRI will be able to monitor soft tissue, including vein and

artery blood volumes and fluid shifts, ill animals and potentially on the extremities of the
astronauts. Previously in the first research cyclc, the Technology Development Team created the

cardiovascular systems identification (CSI) instrumentation (Goal 2). The CSI is a self-
contained, automated device for measuring and characterizing alterations in cardiovascular

regulation. The CSI is being commercialized and transfer to industry is underway (Goal 4) for

use in Earth-bound clinical settings (Goal 3).

To identify and appropriately fund these pipeline projects requires constant interaction between
the NSBRI research teams and the Technology Development Team. To promote this integration,

which satisfies much of Goal 5, the Technology Development Team established the Technology

Working Group (TWG) as a formal mechanism tbr this liaison. Meetings of the TWG will be

conducted more frequently with expanded participation from academia, indust_', and

government. In addition, Technology Development Team participation in the annual retreats of
the other teams will also foster cooperation and the synergism necessa_' to identify the technical

requirements (Goal 1). Such input from NSBRI research teams, coupled with strong industrial

and academic input, will allow the Technology Development Team to develop calls for research
that address technological solutions for the risk factors associated with long-duration spaceflight
that are in concert with the established research goals of the other NSBRI teams. Part of the

strategic growth plan for the Technology Development Team will be the ability to direct key
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technology development efforts in addition to or in conjunction with the projects received in

response to the research announcements. Such responses may leave gaps in the envisioned

technology development requirements. A recent meeting of the TWG identified over thirty
instruments or technology development needs of the space research community that are not

currently being addressed by the NSBRI Technology Development Program. These gaps offer

opportunities to foster important research that could accelerate the overall space effort. Support
sources for such selected top-clown driven research will have to be developed.

The Technology Development Team also envisions itself as a bridge between the other NSBRI
research teams and the extensive resources for technology development that exist within the

participating institutions as well as in academia and industry. Bridging activities will include
information exchanges on technology, contacts for development efforts, etc. Integration

activities, as mentioned above, are described in Table 13.2. Table 13.3 presents the phases of

technology development and insertion for the current Technology Development Team projects.

13.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Summarized below are the objectives underlying each goal and the strategic activities that the

Technology Development Team plans to use to achieve the goals and objectives of its program.

Goal 1: Ident!_' new technological advancements and developments that can have a major

impact on ,vgace biomedical research and astronaut health

Objective I A: Technology assessment to determine most applicable developments:
• Increase the Team's interdisciplinary membership, both in the skill base of its members

and the diversity of participating institutions.
• Have team members attend conferences, meetings, and other forums where advanced

technology and its applications are discussed.
• Participate in NASA space life sciences programs, conferences, and forums on the issues

associated with long-duration human spaceflight.
• Establish ties with non-NSBRI institutions that have technology ideas and resources

necessary tor solving the issues surrounding human spaceflight.

Objective 1B: Risk assessment to determine the most urgent needs:
• Continue interactions with NASA and the other NSBRI research teams.

• Conduct more frequent TWG meetings with expanded participation from academia,

industry, and government.
• Participate in the annual retreats of other NSBRI research teams.

Goal 2: Contribute to risk reduction in each critical path roadmap prioriO,, area by developing

new medical instruments and devices [br both ground- and ,space-based research and

countermeasure development.

Obiective 2A: Current monitoring and capability development activities:
• Complete projects developing instrumentation to monitor bone and muscle loss

(AMPDXA. SCAD, and MRI projects).

• Demonstrate that precision measurement of bone loss and structure will shed light on the
bone loss mechanisms in space.

• Complete neutron radiation monitoring instrument.
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• Completedevelopmentof heavy ion microbeamto facilitate cellular level radiation
damageresearch.

• CompleteTOFMS and demonstrateits ability to monitor biomarkersfor major human
risk factors.

• Verify the origin of the bubblespresentin decompressionsicknessanddevelopeffective
measurementequipment.

Obiective 2B: Current countermeasure development activities:
• Complete development of dynamic countermeasures device and verify the exercise and

jumping loads will inhibit bone and muscle loss in space.

• Expand program to include more projects that directly develop countermeasures.

Goal 3: Exploit the developments and advances made by Technology Development Team

projects to improve the quality of life and health care deliveo' on Earth.

Objective 3A: Technology readiness:
• Publish results of instrument development and experimental results.
• Work with medical researchers to demonstrate the utility and versatility of the

instrumentation development.

• Develop funding mechanisms to allow prototype-developed instruments to be placed in

appropriate clinical settings.

Objective 3B: Technology market penetration:
• Develop presentations and marketing material (literature) that not only touts the progress

on current projects, but also makes the entire NSBRI team aware of the technological

resources available at participating institutions.

• Expand Technology Development Program to include all ten NSBRI research areas with
better balance between the areas. Currently, nine of these areas have overlap with the

technology projects, but the technology projects are heavily focused in a few areas.

Goal 4: Promote the transfer of NSBRl-developed technological advances to industry jbr the

heneJit of Earth-based medical care.

Objective 4A: Establish ties with industry:
• Work closely with members of the NSBRI Industry Forum on the performance and

capabilities of the developed instruments.
• Serve as a resource to bring NASA's needs and industry's capabilities together in the

solution to health risks associated with long-term spaceflight.

Objective 4B: Facilitate technology transfer:
• Develop sources of funding to help in the investigator's technology transfer process.
• Make instrument developers aware of opportunities tk_r direct funding from NASA and

other sources once projects have reached a certain level of maturity.
• Provide information on how to pursue technology transfer (licensing. start-up company,

etc.).
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Goal 5: Integrate technology development needs across other NSBRI teams, medical science

community, and NASA through service and communication to become recognized as an

important service arm that helps these researchers develop needed tools and instrumentation.

Objective 5A: Develop support to other teams:
• Develop calls for research that address technological solutions for the risk factors

associated with long-duration spaceflight that are in concert with the established research

goals of other teams.
• Identify gaps left in the NSBRI's technology development requirements from the

proposal responses.
• Develop support resources for filling these gaps to effectively foster and accelerate the

overall goals of the other teams.

Objective 5B: Technology awareness:
• Facilitate information exchanges and provide technology information to the other teams.

• Serve as resource to help facilitate technology liaison with industry, academia, or.

government laboratories.

13.6 SUMMARY

The objective of the Technology Development Program of the National Space Biomedical
Research Institute is to develop devices, instrument systems, and associated algorithms and
software that lead to a better understanding of the barriers to long-duration space exploration and

assist in the development of countermeasures to assure safe and productive space missions. The

primary focus of the Technology Development Program is directed towards those technologies
that support the ground-based and space-based activities of the other NSBRI research teams. The

unique feature of this program is the opportunity to bring an integrated system engineering

perspective to bear on the technological developments necessary to support basic research.

Multidisciplinary development teams have been established to work on strategically focused

projects that integrate individuals and institutions with vastly different capabilities into a
cohesive team.

Identification of the technology development research needs of the NSBRI teams and space life

sciences community in general is made through vigilant review of current technology

development advances that may impact or advance NSBRI research: monitoring of the Critical
Path Roadmap; and creating forums for discussion and communication on technological needs

with NSBRI teams, NASA, industry, and academia.

In the next 3- to 5-year time span, the Technology Development Team should be able to point to

many successes from its current program. Indications are that several of its projects are reaching

high enough technology readiness levels that sources of funding other than the NSBRI should be
available to carry these developments into space, or be widely available to support Earth-based

research and. in some cases, to be part of the medical health care deliver), system. While these

successes are extremely important, it is also just as important to keep the pipeline filled with

high-quality, on-going development efforts that address the technology needs of the other NSBRI
research teams and support the overall requirements of the NASA Space Life Science Program.
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Summary, Diagrams

Table 13.1 summarizes the Technology Development Team's project research activities and

phases of development.

Table 13.2 summarizes the Technology Development Team's project integration activities.

Table 13.3 summarizes the phases in technology development and insertion for the current

Technology Development Team projects.
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Technology Development Program - Integration Activities

Charles BuckeyMaurer Potember Qin Davis
_,MPDX Bubble

NES TOFMS SCAD DEDC
A Detection
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S
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• Team

meetin

g

• Retreat
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groups
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al
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SCAD

oWith
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meeting
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S
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meeting

• Retreat
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groups
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al
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Bone,
Muscle

&

Cardiol
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• Telecon

S
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meeting

• Retreat
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al
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• Papers
• Patents
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Crew
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Detector MR!
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Program about to start.
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National Space Biomedical Research Institute

TECHNOLOGY DEVELOPMENT TEAM

Table 13.3. Technology Development and Insertion

Technology Development Phases

Phase 0: Need Identification

AMPDXA (Advanced DXA)

Neutron Spectrometer

Time of Flight Mass Spectrometer
SCAD (Ultrasound)
Microbeam/Detector

Bubble I)etection

DECD (Exercise Cotmtermeasure)

Pre

2001

I

• AMPDXA (Advanced DXA)

• Neutron Spectrometer

• Time of Flight Mass Spectrometer
• SCAD (Ultrasound)

• Microbeam,'Detector

• Bubble Detection

• DECD (Exercise Countermeasure)

• Space MRI

Ph_nt/Preliminar Tests .._
• AMPDXA (Advanced DXA)

• Neutron Spectrometer

• Time of Flight Mass Spectrometer
• SCAD (Ultrasound)

• Microbeam'Detector

• Bubble Detection

• DECD (Exercise Countermeasure)

• Space MRI
n

2001

I
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National Space Biomedical Research Institute

TECHNOLOGY DEVELOPMENT TEAM

Table 13.3. Technology Development and Insertion (continued)

Technology Development Phases

Phase 3: Proof ofConce tEx eriments/Testin

• AMPDXA (Advanced DXA)

• Neutron Spectrometer

• Time of Flight Mass Spectrometer

• SCAD (Ultrasound)

• Microbearn 'Detector

• Bubble Detection

• DECD (Exercise Countermeasure)

• Space MRI

Phase 4: Engineering for Flight or Widespread

Use

• AMPDXA (Advanced DXA)

• Neutron Spectrometer

* Time of Flight Mass Spectrometer

• SCAD (Ultrasound)

• Microbeam/Detector

• Bubble Detection

• DECD (Exercise Countermeasure)

• Space MRI

Phase 5: Technolo_ertion

• AMPDXA (Advanced DXA)

• Neutron Spectrometer

• lime of Flight Mass Spectrometer

• SCAD (L!ltrasound)

• Microbeam/Detector

• Bubble Detection

• DECD (Exercise Countermeasure)

• Space MRI

2006 20072008 2009 2010 2011 ]2012

.__.__/
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14.0 EDUCATION AND PUBLIC OUTREACH

Team Leader: Marlene MacLeish, Ed.D.

Professor, Medical Education

Morehouse School of Medicine

720 Westview Drive, SW

Atlanta, GA 30310-1495

404-756-5706

404-752-1043 FAX

macleim@link.msm.edu

14.1 INTRODUCTION

NASA's space program has enjoyed extraordinary success over the past 40 years. Program

accomplishments and discoveries have broadened our understanding of the solar system and

universe, as well as life on Earth. The space program has helped to advance human civilization

by advancing fields as diverse as telecommunications, navigation systems and lightweight
construction materials and medicine. With the establishment of the National Space Biomedical

Research Institute (NSBRI) in 1997, NASA expanded its goal. to enhance health and healthcare

delivery on Earth through research that will allow humans to engage safely in long-term space

exploration beyond Earth orbit.

NSBRI discoveries and research are beginning to produce countermeasures to the harmful effects

of microgravity and space radiation. Simultaneously, NSBRI will bring discoveries and products
of clinical benefit to mankind on Earth, enhancing treatments for health issues such as muscle

wasting, osteoporosis, shift-related sleep disorders and radiation-related conditions. The Institute
also is researching ways to deliver improved medical care on space missions with new

technologies and remote-treatment advances.

The mission of the NSBRI Education and Public Outreach Team is to communicate the

significance and excitement of space life sciences to local, national and international audiences.

while transferring and disseminating knowledge gained via the biomedical advances achieved by
NSBRI Research Teams. This mission is being accomplished through an integrated array of

programs focusing on students and educators at all grade levels, as well as the general public.

NSBRI Education and Outreach Team members include some of the nation's most prestigious

research institutions, all leaders in educational outreach programming: Bayior College of

Medicine (BCM), Massachusetts Institute of Technology (MIT), Morehouse School of Medicine

(MSM), Mount Sinai School of Medicine (MSSM), Rice University (RU), Texas A&M

University (TAMU), University of Texas-Medical Branch (UTMB) and University of

Washington (UW).

14.2 NEED

Each decade brings new challenges and participants _ho work to advance the mission of

NASA's space program. Unfortunately, the initial stunning success of the space program may
have fostered the impression that space travel has few associated risks. These perceptions are not

accurate and must be addressed to assure public support.
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The NSBRI Education and Public Outreach Team strives to promote understanding of and

support for both NASA's and NSBRI's activities by working across the educational continuum to
share the new discoveries resulting from NSBRI-Ied research. Through teacher professional

development, innovative curricular materials and university courses, and use of various media,

Team members are strengthening NASA's connection to the public. In addition, NSBRI's
Education and Public Outreach is addressing NASA Administrator Sean O'Keefe's strong

commitment to motivating young people to pursue careers in science, technology and

engineering through the excitement of space exploration.

14.3 GOALS

The Education and Public Outreach Team develops and implements activities that address five

major programmatic goals, developed jointly by Team partners, in coordination with the NSBRI

leadership, to assure that Team projects address overarching NSBRI objectives.

Goal 1:

Goal 2:

Goal 3:

Goal 4:

Goal 5:

Design and conduct a varieO, of teacher professional development programs to help

teachers understand space life sciences and change their practices and behaviors to

improve the learning experiences they provide students.

Develop curricular materials that span the educational continuum, are aligned with
national science standards, provide accurate, balanced, effective and inquiry-based

instruction; and expand students' understanding Of on-going NSBRI research.
Increase science literacy and public awareness of the real-life impacts of NSBRI

research through media, informal science activities, direct mailings and magazine

stories.
Promote educational access and career awareness in space l(fe science ./ields among

high school and undergraduate students as well as high school teachers.
Integrate NSBRl-focused teacher profbssional development, curricular materials,

scient([ic literacy initiatives, and educational and career access activities among all
Education and Public Outreach Teams. other NSBR1 Teams and puhlic venues.

14.4 DESCRIPTION AND EVALUATION OF CURRENT PROGRAM

The Educational and Public Outreach Team is comprised of experienced educators and scientists

from some of the most noted research institutions in the nation. It is establishing NSBRl as a

leading resource for teacher professional development programs and quality science education

materials that bring the excitement and importance of NSBRI space life science research into the
nation's classrooms and homes. Hundreds of teachers and thousands of students are benefiting

from programs and activities conducted by the Education and Public Outreach Team. The public

is being reached through media programs and national magazine articles.

NSBRI Education and Public Outreach Team members are expanding the scope of their projects

by partnering with local and national organizations. Team partners include: public schools and
school districts in 24 states, Atlanta Public Television and Radio, Emory University, Fernbank

Science Center Museum, Excellence in Education, Harvard Medical School, Houston Public

Television. Houston Independent School District, Johnson Space Center. New York Public
Schools. New York Hall of Science, North Forest (TX) Independent School District. Space

Center Houston. Spelman College. Texas Alliance for Science. Mathematics and Technology.

Texas Rural Systemic Initiative. the Texas Statewide Systemic Initiative and the Washington

NASA Space Grant.
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The Education and Public Outreach Team continues to conduct activities that address the five

program goals. The wide range of Team projects are designed to address the ultimate mission of

communicating the significance and excitement of space life sciences to a variety of audiences,
while transferring and disseminating knowledge gained via the biomedical advances achieved by

NSBRI Research Teams Table 14.1 (below) delineates which primary activities of each

AIH.I: 14.1. CLII_RENT NNBRI i,_I)L;CATION ANI) OUTREACil I'RO,IECTS

PI/PROJECT

William A. Thomson, PhD

From Outer Apace to Inner

Space: Sharing NSBRI

Progress wah the

('ommuntt)

Dava J. Newman, PhD

Space Biomedical Scwnces

and Engineering Cure. aml

Outreach Project

Marlene MacLeish, EdD

Secondary and ('ollege

Edue,mon for the &k'xt

(;t'nerat_on t_[ Space Lt/i.

.'Q'tenttsts
r

Patrick ,! Gannon, Phi)

/)e)f'mg (;rm, a)v Enduring

Ld'e [n Space

Roland B. Smith. EdD

Outreach Program fi)r the

Professional Development qJ
Students aod 7_,achers on

Studies Related 1o

Blomedtcmc m Outer Slga¢z'

Robert James. Phi)

Teacher ..lcademv Project

Deborah L. IIIman. PhD

.Vorth_vcst Outreach

Program on Space
Bmmt.dwaI Research

Teacher Professional

Development

Summer and School Year

Teacher Professional

Development at Conferences

and Meetings

Year-long Residency

Program tbr Seconda%'

School Teachers: Problem-

Based Teacher Field

Test Program

Science Teacher Teaming

Teacher Workshops:

Summer Program

Year-long Program for 20

Seconda_' School Teachers

Master NSBRI Teacher/

Teacher Workshops

GOAL ADDRESSED

Curriculum Deveh)pment

I-lementary/Middle School
Curriculum Materials

Undergraduate and Graduate
Courses: K- 12 materials

tlndergraduatc Courses:

Secondar3 School

C'urrlcultml ]

9th Grade Cumculunl

Teacher-Dc_ eloped

SecondaD ('urrlcultim

Urals

Science Literacy/Public

Awareness

Educational Television and

News Stories;

Space Center ttouston

Modular "Knowledge

Station" (Interactive Exhibit

NSBRI-Film Archive

Museum Exhibits:

Newsletters: V,,'ebsltcs

Museum Exhibits,

Websiles

Middle Scllool ()nhnc

(_'urrlc u hlnl I'rolect_

Texas l.egtslatl_ c
( onterenccs

NSBRI Maoazine Stories.

Science Communication

_A:orkshops_ Writer-m-

Residence Program

Career Awareness and

Access

Television Stories;

Space Center Houston

Modular "Knowledge

Station" (Interactive

Exhibit)

NSBRI-Film Archive:

Undergraduate Summer

Research Program

Museum Exhibits:

Ne',vslctters. Vvebsites

Summcr Research

Experiences for High School
Students

Annual Youth S',mposm for

Middle and tligh School
Students

NSBRI Magazine Stories--

Middle School "SclScapc"

Inserls-- (Some experiences

for high school students)

Education and Public Outreach Team partner institution/project satisfy which goals. Goat 5,

Integration, does not appear in this Table, as integration is not so much a separate aim as an

overarching characteristic that applies to all Education and Public Outreach Team objectives.

Program Description
Following is a brief description of each Education and Public Outreach Team partner

institution/project and its activities. It expands upon Table 14.1 and explains the general
activities used to address the team's goals.

Baylor College of Medicine (BCM)--From Outer Space to Inner Space. Sharing NSBRI

Progress with the CommuniO,. BCM, Space Center Houston. Houston Public Television and the
Houston Independent School District are collaborating to convey the excitement and promise of

NSBRI space life sciences research to students, teachers and the general public through
coordinated tbrmal and informal educational opportunities that will be embedded within local

and state science education reform programs.
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This partnership engages scientists and educators in the production, evaluation and dissemination

of a planned series of elementary and middle school curriculum materials based on NSBRI
research themes. It also produces bimonthly, nationally distributed radio stories on NSBR!

research areas. The partnership reaches thousands of students, teachers and members of the

general public each year. It also generates public awareness and appreciation of the benefits of

NSBRI research. Project activities are aimed at middle school (grades 5-8), which has been

identified as a particularly weak link in the K-12 science/mathematics education continuum.

Measurable project objectives are: (1) collaboratively create, evaluate and disseminate three
interdisciplinary teaching units (one per year) on NSBRI research themes for middle school

students; (2) improve teacher practice and content knowledge through multiple professional

development opportunities conducted in formal and informal educational settings; (3) develop an
online workshop resource for NSBRI scientists to use for outreach to teachers, students and the

community-at-large; and (4) create and implement cost-effective models for communicating

NSBRI research to local and national populations through television and radio short-format news

and newsmagazine stories.

Massachusetts Institute of Technology (MlTk--Space Biomedical Sciences and Engineering

Curriculum and Outreach Pro/ect. MIT is developing curricular materials to educate a

generation of scholars in space life sciences by transferring NSBRI space life sciences research

into undergraduate courses and to younger students and the public. One graduate course has been
developed and is being piloted at MIT: Sensori-Neural Systems: From the Vestibular Periphery

to Motor Responses. Perception and Adaptation. Five course faculty are affiliated with other

NSBRI research projects. One undergraduate course also will be developed: Space Biomedical

Engineering and L!/e Support Systems. Its modular materials will cover eight of twelve NSBRI
research areas and will be designed for adoption among NSBRI consortium institutions.

K-12 modular labs and activities will be developed for teachers to insert in established anatomy

and physiology classes. These labs emphasize space biomedicine and engineering skills. The

integration of these modules focuses on an end-term student designed project of an exercise

machine that will counter the physiological effects of long-term space flight: "'Spacercise". For

the public, MIT will design a knowledge station that allows learners to interact with curricular
materials via state-of-the-art information technology and a physical platform designed

specifically to facilitate human interaction and learning.

Intended outcomes are to: (1) provide multi-level space life sciences curriculum: (2) excite and

educate the public about the wonders of science, engineering and medicine by disseminating

knowledge gained through NSBRI research: and (3) develop a set of innovative pedagogical

strategies that represent the application of tested learning principles as a basis for comprehensive
educational evaluation tools. In addition, the project will develop multimedia tools that are

particularly suited to active learning accessible through the Internet. The evaluation plan will
assess learning and knowledge transfer of curriculum that makes use of these technological

advances as well as assessment of the new student (or 'learner') population.

Morehouse School of Medicine (MSM)--Secondarv and ('ollege Education /or the Next

Generation o[Space Life Scientists. The MSM program is multi-faceted. The MSM-Fernhank

Museum Space Station Teacher Institute admits two science teachers into a yearlong residency at

MSM to develop, test and disseminate secondan' problem-based curriculum supplements.
Teachers work with scientists and physicians to develop problem-based field test capabilities and

245



to write a cardiovascular case, Bobby's Beat. They attend the Texas A&M Teacher Academy to

learn this method and develop leadership skills.

The MSM-Georgia Institute of Technology SECME Program delivers a teacher professional

development module on the Human Body in Space at the annual SECME national meeting, and

also sponsor a noted space scientist lecture to address the estimated one thousand attendees. The
Summer Research Program enrolls four undergraduate students, selected from a national

applicant pool, to engage in a research-intensive internship at MSM. One MSM medical student

is sponsored to undertake clinical research in the Harvard Medical School Sleep and Circadian
laboratory headed by an NSBRI scientist. A longitudinal database is maintained to measure the

outcome of the program.

The NSBRI Film Archive contains more than 150 hours of video relating to NASA's Neurolab

mission, NSBR! team science, and the Human Body in Space course. This one-of-a-kind

repository will be used to develop interactive Internet accompaniments to the proposed textbook

and the problem-based cases written by the teacher fellows. It also will support the outreach and

pubic affairs of the entire NSBRI enterprise. An electronic, undergraduate curriculum on the

human body and weightlessness will use a multidisciplinary perspective to support national

undergraduate, science education standards and space life sciences at the college level.

Mount Sinai School of Medicine (MSSM)--Def_,ing Gravity'. Enduring Li[__ in Space. MSSM is

developing a 9th grade, space-based science and mathematics curriculum that links human health

in Earth's gravity and in space's microgravity. It explores scientific knowledge essential to
formulate countermeasures; provides working models of scientific and mathematical principles:

and includes hands-on laboratory sessions with group discussion to demonstrate current

paradigms and unifying principles that relate research to space biomedicine and hypothesis

testing. The curriculum integrates mathematical principles to concepts in the biological and

physical sciences and technology, and to data collection, organization, analysis and graph design.

De_,ing Gravity is being developed by educators from MSSM Teacher's Summer Institute 2001:

A Space Research Odyssey. It will be field tested at the New York City Life Sciences Seconda_

School, among an underrepresented and academically challenged student population. Products
derived will include: a hard copy of the curriculum; an interactive Internet version of the stand-

alone curriculum with downloadable text. images and digital video/audio sessions; a live scientist

discussion room: teacher's lounge email FAQ and questions; interactive CD ROMs of selected

curricular components; a High School Teaching for Biomedical Scientists handbook; a hands-on
exhibit at the New York Hall of Science; and National multi-media outreach and dissemination

via MSSM and NSBRI/Public Broadcasting Services (PBS) television channels.

Rice University/University of Texas Medical Branch (RU/UTMB}---Outreach Program for the

Professional Development of Students and Teachers on Studies Re&ted to Biomedicine in Outer

,_pace. This collaboration attracts young people to space-related enrichment programs, promotes
excellence and innovation in America's science education system, and enhances the scientific

background of teachers, students, their families and the community as a whole. It consists of the

Academic Development of High School Students (Summer Student Research Program) and the
Teacher Institute for the Advancement of Space Science Education (Teacher Professional

Development Institute).

Students and teachers are partnered with ongoing space biomedicine research projects conducted
at Rice and UTMB. The Teacher Institute selects 16 secondary school teachers in a yearlong
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program to enhance their knowledge of space biomedicine through interactive discussions with

researchers; a one-day, hands-on research experience; and special tours of NASA Johnson Space

Center and Space Center Houston. Teachers use their knowledge to design a space biomedicine

mini-module/unit plan to be taught in class and refined for publication on the Rice, UTMB and
NSBRI educational resources web sites. The Student Research component enrolls 12 high school

summer students to conduct research projects in Rice and UTMB science labs, participate in a

field trips, and meet researchers engaged in a wide variety of space biomedicine research.

Texas A&M University (TAMU}----Teacher Academy Pro/ect. The NSBRI Teacher Academy

Project (NSBRI TAP) prepares Master Teachers to assist their peers in infusing cutting-edge,

space-based science activities into middle school. The specific objectives are to: (1) establish a
national cadre of 90 middle level science teachel:s and prepare them to provide staff development

that will reach 1,800 middle level science teachers; (2) identify and provide access to extant

teaching resources for middle level science educators; and (3) develop supportive partnerships to
access and utilize the resources and skills of key organizations, and work collaboratively with

other NSBRI member institutions to improve the quality of middle level science in the

classrooms of teachers who participate in NSBRI activities.

NSBRI TAP will select a cadre of master teachers to help develop a summer institute. These
teachers will utilize recent NSBRI scientific discoveries to create curricular supplements, attend a

leadership and staff development training module, and engage in follow-up activities and
conferences to obtain certification as master teachers and Fellows of the Academy. Academy

Fellows will form a national professional development staff that trains all middle level science

teachers to implement space-based science. It is anticipated that extensive collaborations with
other Education and Outreach teams will occur with respect to resource sharing and support with
the identification of master teachers. TAP also will produce a national cadre of 90 master

teachers who are successful in helping at least 1,800 of their peer space science teachers to

implement space-based science in their classrooms. Both qualitative and quantitative data will be
collected, with on-going analysis of the data shared with the Director.

The University of Washington (UW}--Northwest Outreach Program on Space Biomedicine

Research. The UW program leverages an existing communication/education program, Northwest
Science & Technology, at UW to: (1) transfer/disseminate space biomedical knowledge to homes

and classrooms throughout the Northwest; (2) increase literacy about science in general, and

about space biomedical research and terrestrial applications in particular, among the general

public, teachers and students: (3) prepare scientists and future reporters and public information
officers to communicate more effectively about science and space biomedicine issues to general

audiences; and (4) attract young people to careers in NSBR! space biomedical research.

The program will develop and disseminate articles on space biomedical research via Northwest
Science & Technology (NWS& T) magazine, a new regional science publication with a circulation
of almost 30,000 in the Pacific Northwest region and beyond. Student writers will write, adapt

and disseminate special materials on space biomedical research for middle school students and

their parents and teachers via an insert in NWS& 7". In addition, the UW program will deliver a

series of three summer science writing workshops for NSBRI consortium members.

The Education and Public Outreach Team institutions enjoy a significant amount of synergistic
interaction with each other and with other NSBRI Research Teams. Such interactions, which

work towards achieving Goal 5. integration, are delineated in Table 14.2. Goal 5, itself, does not
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appear in this Table, as integration is not so much a separate aim as an overarching characteristic

that applies to all Education and Public Outreach Team objectives•

Table 14.2. Integration Activities by

NSBRI Research Area/Education and Public Outreach Goals

NSBRi

RESEARCH

AREAS

Bone Loss

Cardiovascular

Alterations

Human Performance

Factors, Sleep and

Chronobiology

Immunology, Infection

and Hematology

EDUCATION AND PUBLIC OUTREACH GOALS

Teacher Professional

Development

BCM, TAMU, RU/UTMB

TAMU

BCM, TAMU

RU/UTMB

Curriculum

Development

BCM, MH'. MS'SM

MIT. MSM

BCM, MSSM

MSSM

Science

Literacy/Public

Awareness

BCM, MIT. MSM,

MSSM, RU/UTMB.

TAMU. UW

BCM, MIT, MSM,

MSSM, RU/UTMB,

TAMU, UW

BCM, M[T. MSM.

MSSM. RU/UTMB,

TAMU, UW

BCM, MIT, MSM,

MSSM, RU/IJTMB,

TAMU, UW

Career

Awareness and

Access

MI'I, MSM,

RU/UTMB. UW,

TAMU

MIT, MSM,

RU/UTMB, UW.

TAMU

MIT, MSM,

RU/UTMB. UW

MIT. MSM,

RU/UTMB, UW

Integrated Human MH BCM, MIT. MSM, MIT. MSM

Function MSSM. RU/UTMB, RU/UTMB. UW
TAMU. UW

Muscle Alterations BCM. TAMU. RU/UTMB BCM, MIT, MY.M BCM. MIT. MSM. MIT, MSM.

And Atrophy RU/UTMB MSSM, RU/UTMB, RU/UTMB, UW.
TAMU, UW FAMI_!

Neurobehavioral and TAMU, RU/UTMB MIT, MSSM BCM. MH. MSM. MIT, MSM.

! Psychosocial Factors RU/UTMB MSSM_ RU/UTMB. RU/UTMB. UW
• TAMU. ITW

Neurobehavioral TAMU, RUIUTMB MI]. MSSM BCM. M|T, MSM. MI[. MSM,

Adaptation MSSM, RUfUTMB. RtltUTMB. UW
TAMU. U_'

Nutrition, Physical Fitness BC'M, 1 AMII BCM. MI]. MSM BCM. MIT. MSM MH, MSM

and Rehabilitation MSSM, RU/UTMB. RU/UTMB. t!V¢
TAMU. [IV_

TAMU, RU/UIMB MSNM. 1 AMt; BCM, MIT. MNM, MH. MSM,

Radiation Effects Rt L;'IqMtl MSSM. RUtUTMB. RIJlIJrMIL UW
TAMU. U_k TAMU

Smart Medical MIT BC'M, MII. MSM, Mll. MSM.

Systems MSSM. RUIUTMB. RUtI.ITMB, U_
IAMU, UW

Technology TAMU Nll[ BCM. MIT. MSM. MIT, MSM.

Development MSSM. RU/UTMB. RUtUTMB. UW
TAMU. UW

BCM: Baylor College of Medicine, M/T: Massachusetts Institute of Technolo_3", MSM: Morehollse School Of Ale&cme. MSSM: Molmt Sinai

School o[ Medicme. RU/UTMB: Rice UntverstO"The UntversiO' Of Texas Medical Branch. TAMU: 7 e.vas A&M l /mverstt_. U_t:" Unwerst O' of

It 2tshington

Evaluation of Current Program

Ga_Qgp__fi.The NSBRI External Advisory Council and the 2000 NSBRI Site Visit Team made five
recommendations for the Education and Public Outreach Team: (1) improve dissemination.

feedback and assessment methodologies: (2) establish a coordinated development plan: (3)

establish university' level education programs: (4) articulate the Team's unique abilities to

contribute to national education: (5) promote diversity'. The addition of MIT to the Education and

Outreach Team will help to establish university-level education• MIT will develop and test two
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graduatelevel courses,one of which will be offered to undergraduate students. The remaining
recommendations are being addressed in the strategic objectives outlined in Section 14.5.

Team members have collaboratively established the strategic goals and objectives for NSBRI

Education and Outreach. Through retreats and conference calls, team members have identified

the challenges of building a national identity for NSBRI through educational outreach. It was

agreed that the quality of materials and activities and the extent to which they are disseminated

would be initial defining factors for all NSBRI sponsored educational activities. Once planned

and implemented, presentations and publications will document the programmatic impacts.

14.5 OBJECTIVES AND STRATEGIC ACTIVITIES

Below is a brief description of strategic activities to achieve NSBRI Education and Public

Outreach Team objectives and goals. Table 14.3 provides a timetable for completion of these
activities.

Goal 1: Design and conduct a variety of teacher profbssional development programs to help

teachers understand space life sciences and change their practices and behaviors to improve the

learning experiences they provide students.

Obiective 1A. Enhance the space-based science and technological readiness, skill and teaching

impact of educators by providing professional development that focuses on partnerships with
scientists and increased teacher content knowledge.

• Create a national Teacher Academy.

• Offer school-year and summer professional development opportunities for K- 12 teachers.

• Involve scientists in professional development for teachers.

• Implement teacher mentorship programs within schools.

• Sponsor year-long internships for teachers.

Obiective lB. Utilize NSBRl-generated resources to empo_ver educators to teach all students

more effectively and communicate these new instructional resources to peers in education.
• Align curriculum materials based on NSBRI research to national science standards.

• Develop science education reform leaders within the scientific and K-12 education
communities.

• Design, create and deploy Internet-based teaching and science education resources.

Goal 2: Develop curricular materials that span the educational continuum: are aligned with
national science standards; provide accurate, balanced, e[]ective and inquiry-based instruction,

and expand students' understanding of on-going NSBRI research

Obiective 2A. Develop and implement high-quality NSBRl-based science, mathematics, and

reading/language arts instructional materials designed to facilitate measurable success for all

students, apply best understandings of how students learn, and incorporate assessment as an

integral component.
• Produce a 9 th grade space science program.

• Develop elementary/middle school instructional programs focusing on NSBRI research.

• Create problem-based cases for high school and undergraduate students.
• Facilitate the development of teacher-generated classroom materials.

• Design and implement studies that examine the effectiveness of NSBRI-sponsored
Internet-based curriculum materials, as compared to traditionally formatted materials.

249



Obiective 2B. Promote excellence, achievement and systemic change in education through the

dissemination of materials described in Goal 2, Objective A.

• Offer local, regional and national teacher professional development on NSBRI materials.

• Partner with NASA for teacher professional development and materials dissemination.
• Partner with informal education centers and museums tbr teacher professional develop-

ment and materials dissemination.

• Advertise materials in appropriate journals.
• Direct mail materials to schools.

Goal 3" Increase science literacy and public awareness of the real-life impacts of NSBRI

research through media, informal science activities, direct mailings and magazine stories.

Obiective 3A. Increase scientific literacy by involving scientists in community education and

bringing NSBRI and space-based science into classrooms and homes.
• Involve NSBRI and other scientists in teacher professional development and community

outreach activities.

• Produce NSBRl-related exhibits and activities at informal education centers and

museums.

• Generate TV news and magazine stories focusing on NSBRI advances and research.

Objective 3B. Create and support stimulating, informal space life sciences education programs

outside of school to develop and maintain public interest in, and awareness of, NSBRI scientific

and technological developments.
• Develop, publish and disseminate NSBR1 science activities for families through available

media.
• Produce NSBRl-related exhibits and activities at museums and informal education

centers.

Obiective 3C. Foster healthy behaviors and attitudes among students and families, and increase

opportunities for families to become more involved in their children's learning through family-

school-community partnerships.
• Produce NSBRI-related exhibits and activities at museums and informal education

centers.

• Develop, publish and disseminate NSBRI science activities for families through available
media.

• Produce NSBRl-related TV health education segments and TV news stories.

Objective 3D. Develop and implement a media plan to include, but not be limited to: public
affairs announcements and programs for radio and television, brochures, posters, video-
documents and websites, and a national writer-in-residence program.

• Share NSBRI research and educational opportunities through public media.

• Produce NSBRl-related TV health education segments and TV news stories.

• Continue to build a film archive of NASA footage from SpaceLab missions.

• Print quarterly NSBRI-focused magazine stories for dissemination to lay and professional
audiences.

Goal 4: Promote educational access anti career awareness in space l!li: science field_ anlong

high school and undergraduate students as well as high school teachers.
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Obiective 4A. Attract more young students (especially those from underrepresented groups) to

careers in space life sciences, engineering and technology-based fields.
• Conduct summer internship programs for students from underrepresented groups.

• Give targeted presentations on NSBRI activities for undergraduate students.

• Develop undergraduate and graduate courses focusing on NSBRI research.
• Establish NSBRI as a national leader in development and deployment of K-16 Internet

distance education.

• Offer online graduate programs in space life science education for K-12 science,

mathematics, physical education and language arts teachers.

Objective 4B. Establish partnerships with external groups that bring additional funding support
to NSBRI activities and assist the Education and Public Outreach Team to disseminate and

promote space-life science education programs.
• Integrate NSBRI activities into existing funded programs, such as NSF-funded systemic

lnmatlves.

• Develop and submit new applications to create and conduct new NSBRI-related projects•
• Establish an International Society of Space Life Sciences Educators. with fellowships for

members.

• Create a Center for Research in Space Life Science and Health Education to infuse

NSBRI research into educational practice in schools and study ways to increase student

motivation in science education and career pursuits.

• Enter into commercial partnerships with publishers, software manufacturers and

broadcast media corporations to disseminate information and materials nationally that

describe and promote application of NSBRl educational activities.

Goal 5: Integrate NSBRl-focused teacher pro/e._sional development, curriczdar materials,
scientific literacy initiatives, and educational and career access activities among all
Education and Public Outreach Teams, other NSBR1 Teams and public venues.

Obiective 5A. Integrate NSBRI materials, programs and findings across all institutions of the
NSBRI Education and Public Outreach Team

• Establish a peer review process for educational relevance and practice, alignment with
NSBRI research themes and national science standards, and also for accuracy, balance

and potential bias.
• Create and deploy Internet-based educational resources to include downloadable slide

presentations, streaming video and links to other NASA-based educational resources.
• Hold annual workshops to share findings and products developed among Education and

Public Outreach Team institutions.

Obiective 5B. Integrate NSBRI materials, programs and findings among all other NSBRI Teams.
• Establish a process for NSBRI scientific review of materials and activities developed by

the Education and Public Outreach Team.

• Engage NSBRI scientists in the development of educational materials and the design and

conduct of teacher professional enhancement activities.
• Hold annual communications workshops with NSBRI scientists to develop strategies to

work with schools and the general public.
• Work with NSBRI research teams to identify potential partners and scientific resources at

NASA.
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Objective 5C. Integrate NSBRI materials, programs and findings into venues outside of NSBRI.
• Generate and broadcast television features that share the findings and contributions of

NSBRI-based research with the general public.

• Establish partnerships with professional societies, state and national governments and

informal science organizations to disseminate and promote NSBRI educational materials
and activities.

• Develop mechanisms to integrate NASA-developed educational materials into NSBRI
outreach activities.

14.6 SUMMARY

The Education and Public Outreach Team develops and implements activities that address the

five major programmatic goals identified below. Team partners developed these strategic goals in

coordination with the NSBRI leadership, to assure that Education and Public Outreach Team

activities address overarching NASA and NSBRI objectives.

Goal 1: Design and conduct a variety of teacher professional development programs to help
teachers understand space life sciences and change their practices and behaviors to

improve the learning experiences they provide students.

Teachers are the critical link between curricula, students and their parents. NSBRI teacher

professional development activities are designed to help teachers understand space life sciences

and change their practices and behaviors to improve the learning experiences they provide

students. They also help biomedical space scientists to understand the complex issues involved in

instructing today's youth. Teacher Professional Development activities include workshops.

summer institutes and research experiences.

Examples of activities being conducted include thc numerous NSBRl-focused workshops being
carried out by Baylor College of Medicine in Texas and around the US, including activities being

coordinated jointly with Space Center Houston for hundreds of teachers in the Houston area. and

partnerships with school districts making NSBRI materials part of their curricula. Morehouse
School of Medicine's Teacher Institute is a partnership with the Georgia Institute of Technolog3,

DeKalb School System. Fernbank Science Museum. Atlanta Educational Telecommunications
Collaborative, Inc., and NSBRI's Teacher Academy at Texas A&M University. Rice University

and The University of Texas Medical Branch at Galveston have teamed to create a two-week
summer science institute for Houston-area teachers, and Texas A&M is impacting teachers

profoundly through its Teacher Academy Project. Master Teachers come from around the US to

participate in this project, which provides teachers with intensive field experiences, insight from
science and educational experts and new resources to use in their classrooms.

Goal 2: Develop curricular materials that span the educational continuum: are aligned with
national science standards, provide accurate, balanced, eff_,ctive and inquio'-based

instruction: and expand students' understanding of on-going NSBRI research

NSBRI curriculum development activities are occurring across the educational continuum from

primal' grades through graduate preparation. At the K-12 levels, materials are being developed

that are aligned to the national science standards. These materials are addressing the need for
accurate, balanced, effective and inquiry-based materials for the nation's classrooms. At the

urldergraduate and graduate levels, courses arc being developed to expand students"

understanding of on-going NSBRI research.
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There is a greatdeal of emphasison curriculum developmentamong Educationand Public
Outreachpartnerinstitutions. For example,Mount Sinai Schoolof Medicineis carryingout a
wide arrayof innovativecurriculumdevelopmentactivitiesinvolving New York City museums,
scientists,teachersand students,both in the summerand during the schoolyear, throughits
Dejying Gravity program. Meanwhile, Baylor College of Medicine is producing NSBRI-focused

teacher activity guides under the From Outer Space to Inner Space program. These guides relate

directly to NSBRI science objectives and seek to share the excitement of space life sciences via
innovative classroom activities. In addition, TAMU is developing and field testing three online

modules on energy (radiation).

Goal 3: Increase science literacy and public awareness qf the real-l!lCe impacts of NSBRI

research through media, informal science activities, direct mailings" and magazine
stories.

Promoting greater understanding and awareness of NSBRI space life sciences research is

essential for public support. Numerous activities are underway. They include television and radio

news programs, informal science activities at museums, direct mailings of informational posters
to schools and magazine stories designed to expand public understanding of how NSBRI

research will impact long-term space exploration and the eve_'day world.

Promoting public awareness of NSBRI activities and increasing science literacy are strengths of
the Education and Public Outreach Team. In fact, all activities of the Team address these very

important goals. However, some Team activities are designed and conducted specifically for this

purpose. The University of Washington's journal, Northwest Science & Technology Report. is

reaching out to readers (including general public, students and educators) in the northwest [IS
with stories and information about NASA and space life sciences. Morehouse School of

Medicine's Multimedia Archive contains NSBRI research. NASA's Neurolab Mission and other

topics. This footage has been used by the Discover5' Channel. ZDF-German TV, Atlanta and

DeKalb public schools, and others. Simultaneously. Baylor College of Medicine has produced
numerous Radio HealthLine stories, distributed to radio stations around the nation, and numerous

news-format stories for KUHT, Public Broadcasting in Houston. all focusing on NSBRI-related

research and health issues.

Goal 4: Promote educational access and career awareness in space li[L" science .[ields among

high school and undergraduate students as well as high school teachers.

There are many barriers to promoting diversity and access to careers in the space life sciences.
Activities within this theme include research experiences for high school and undergraduate

students as well as high school teachers in NSBRI laboratories. Courses focusing on NSBRI

research areas will assist in promoting undergraduate and graduate students" interest in space life
sciences research careers.

All partners in the Education and Public Outreach team are invoh, ed in promoting access and
career awareness. Some of the more prominent Team activities in this area include Mt. Sinai's

multi-faceted De_,ing Gravity program, Morehouse's Undergraduate Summer Research project.
the Rice University/University of Texas Medical Branch Student Research Seminar, the inserts
included in the Northwest Science & Technology Report by the University of Washington to

attract young readers to science and space biomedical research, and Texas A&M University's

annual Youth Symposia on careers in science for several hundred Texas middle and high school
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students.The scopeof thesediverseprogramsis wide, coveringthe educationalspectrum,from
youngstudentsto undergraduates,not to mentioneducatorsandthegeneralpublic, aswell asall
demographicgroups.

Goal 5: Integrate NSBRl-focused teacher professional development, curricular materials,

scientific literacy initiatives, and educational and career access activities among all
Education and Public Outreach Teams, other NSBRI Teams and public venues.

Integration of NSBRI-focused programs, materials and activities may be the most important goal
of Education and Public Outreach Team. As mentioned earlier in this Strategic Plan, the Team's

mission is to communicate the significance and excitement of NSBRI research to diverse

audiences, while transferring and disseminating knowledge gained by NSBRI Research Teams.

In fact, this aim is the specific driving force behind most, if not all, Team activities.

Member institutions of the Education and Public Outreach Team already have begun to share

their NSBRI products among each other. Examples include Texas A&M University's Teacher
Academy, curricular materials developed by Morehouse School of Medicine and Baylor College

of Medicine, and University of Washington's Northwest Science & Technology Report. Further,
several team activities--such as those related to media or teacher professional development--are

being introduced to public audiences. Of course, these examples are but of few of the NSBRI
Education and Public Outreach Team products that we anticipate integrating into the NSBRI

community and beyond. Schools, universities, informal educational organizations and the general

public have demonstrated a great interest in space and the science of space exploration. Our

Team is harnessing our varied specialties, experiences and resources to share the excitement and

real-world implications of NSBRI with students and the American public.

It also is important to note that there necessarily will be much integration of NSBRI research into

education and public outreach efforts. The transfer of NSBRI research team findings is critical to

our efforts to promote space exploration, generate excitement and enhance public education of
NSBRI activities and goals. The work of the Education and Public Outreach Team in addressing

our five goals already has begun to further public understanding of. and interest in. the benefits
gained from NASA-sponsored NSBRI research. Such understanding and interest are essential as

NASA competes for limited federal resources.
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EXECUTIVE SUMMARY

After an open national competition in 1997, the National Aeronautics and Space
Administration (NASA) selected a consortium of seven academic institutions, led

by Baylor College of Medicine, to conduct biomedical research to define adverse
medical and biologic consequences associated with space travel and to identify
approaches or countermeasures to prevent, minimize and reverse those adverse
processes. That consortium became known as the National Space Biomedical
Research Institute (NSBRI). In the first five years of its existence, the Institute
has made outstanding progress.

It has:

• Developed a comprehensive research strategy that addresses key
medical, physiological and technical issues associated with space
travel;

• Recruited distinguished investigators from across the nation; and
• Established links to the key NASA end users, including astronauts,

flight surgeons, engineers, other federal agencies, industry, and
international partners.

The primary mission of the NSBRI continues to be the developmeni of
countermeasures that mitigate the health risks and consequences of space
travel. The Institute plays an essential enabling role for NASA by providing

unique capabilities for focused, basic and applied research that leads to
development of effective countermeasures and techniques that bridge the
expertise of the biomedical research community, complemented by the
engineering and operational expertise of NASA. The progress of the Institute
underwent independent review at its 3-year milestone and the independent
committee recommended support for an additional five years. In response to
weaknesses described in that report, the Institute formulated a 5-year Strategic
Plan to address weaknesses cited in that initial review.

The National Aeronautics and Space Administration subsequently constituted

this independent Review Committee to examine the responsiveness of NSBRI to
the shortcomings cited in the 3-year review. The membership of the Review
Committee appears in Attachment 1. The Review Committee's charge was to
review the Strategic Plan and provide recommendations to NASA, including the
soundness of the Institute's approaches to identify and resolve biomedical

problems related to the health, safety and performance of astronauts during and
after space flight. These issues have been elaborated in the recent Institute of
Medicine report "Safe Passage", 2001 and The National Research Council
report, "A Strategy for Research in Space Biology and Medicine in the New
Century", 1998.

Review of the National Space Biomedical Research Institute Strategic Research Plan
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The Institute is entering an important phase, now that its infrastructure and

research agenda have been established. With current and planned long-duration
space flights on the International Space Station (ISS), NASA has an increasing
need for the capabilities of the NSBRI, especially in the context of loss of NASA
technical personnel over the years. The benefits of the NSBRI Program to NASA
and to health care on earth are potentially very significant. NASA must therefore
commit to adequate and stable funding for the Institute to be able to develop
effective countermeasures to enhance safety of prolonged and recurrent space

travel.

During its deliberations, the committee reviewed the NSBRI Strategic Plan (May,
2002) in the context of the November 2000 External Review. The committee
received presentations by Dr. John Rummel, Dr. Ronald White, Dr. Bobby Alford,
and Dr. Jeffrey Sutton. The committee has provided critiques and
recommendations in the following eleven topics: Organizational Structure,
NSBRI Teams, Research Management, Research Priorities, Radiation Health
Research, Bioinfomatics, Peer Review, Relationships with Complementary

Programs, November 2000 External Review, President's Management Agenda,
and Budget.

Topic 1: Organizational Structure

Critique:

The organizational structure of NSBRI requires clarification. The Committee
could not clearly identify the lines of authority and responsibilities for senior
management. Furthermore, the Strategic Plan does not adequately describe
how programmatic authorities and responsibilities are distributed between NSBRI
and NASA as well as how research priorities are set by those organizations.

The NSBRI advisory system appears to be functioning well in that it provides

effective programmatic oversight and advice.

The NASA External Review for teams and the 5-year review for the Institute are

so intertwined that the 5-year review cannot be accomplished without a
concurrent review of the research conducted by team members.

Recommendations:

To optimize the research goals of NSBRI, the Institute needs to define and

perhaps further strengthen its management structure and clarify the roles,
responsibilities and duration of appointments for the senior management.

The Committee recommends that the NASA Chief Scientist's Review of the

Institute be preceded by the review of the individual teams by no more than 2 to

Review of the National Space Biomedical Research Institute Strategic Research Plan
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4 months. Thisapproachwill streamline the review process and decrease the
burden of these periodic reviews, distributed over several years. The Review
Committee suggests that this recommendation supercede the recommendation
of the 2000 NASA Chief Scientist's Review.

Topic 2: NSBRI Teams

Critique:

The Strategic Plan describes the two basic criteria -- scientific merit and research
relevance to the NSBRI mission -- on which applications are selected. Team

leaders may recommend funding of those applications relevant to the scientific
thrust of their team to top NSBRI management.

The Strategic Plan does not clarify that research team members are
geographically dispersed, remain at their own institutions, and are not grouped at
one site. In essence they form "virtual teams." Investigators are invited to
become members of a team relevant to their research proposal after their grant

application is selected by NSBRI for funding.

The selection of the team leaders requires amplification. Further, the role and
effectiveness of the team leaders is unclear as well as their "value added" or

impact on leading the research teams. Finally, it is not clear how and whether
the team leaders can ensure that projects within each team relate to each other
as well as other NASA research.

Recommendations:

To optimize the team approach, NSBRI needs to pay closer attention to team
management and the selection of the team leaders. NSBRI should develop a
plan defining the selection, training and function of team leaders, their term of
office, and their roles and responsibilities. NSBRI should consider the inclusion
of NASA technical experts as potential team members. This plan should be
developed in the next 6 months. Separately, NSBRI may consider evaluation of
their research team approach through an independent third party to define best

practices and optimize the current team approach or modify the current structure.
Further, NSBRI should construct a set of simple metrics allowing them to

compare team performance over time and across disciplines. (See Management
of Research section below.)

These metrics may be used to determine the best allocation of resources among
the teams to further the goals of the Strategic Plan.
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Topic 3: Management of Research
The NSBRI plays a unique role in the development of countermeasures by
supporting research that is more applied than that solicited through the NASA
Research Announcements.

Critique:

At this early stage of the evolution of the NSBRI research program, it is
appropriate that much of the research addresses lower Countermeasure
Readiness Levels (CRL).

Recommendations:

The NASA and the NSBRI should develop metrics to track the development of
countermeasures. The following metrics are suggested:

• What is the distribution of tasks by CRL or TRL (Technology Readiness

Level)?
• What is the distribution of tasks and funding by criticality (likelihood &

consequences)?
• How many tasks are being flown to test countermeasures or develop

baseline data?

Over the next 5 years, the research program should move aggressively toward a
much larger proportion of higher CRLs.

Topic 4: Research Priorities
The Strategic Plan states that the primary goal of the NSBRI is the
Countermeasure Research Program. Secondary goals are education, training

and outreach, along with cooperative research and development.

Critique:

The Committee strongly agrees that the top priority of the Institute should
continue to be Countermeasures Research. The development of
countermeasures for the health and safety of the astronaut is paramount. Health

risks associated with increased flight duration may not have been adequately
defined. In that setting, additional countermeasures for longer duration missions
undoubtedly will need to be developed. The level of NASA's financial support for
the Institute's research program is insufficient to support the level of research

required to define risks and their countermeasures.

Recommendations:

The Committee recommends that NSBRI continue to maintain Countermeasures

Research as its primary research focus.
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At this time, efforts in education should emphasize graduate and post-graduate

support in research environments in NSBRI consortia member laboratories. As
the Institute and its research programs mature, educational efforts may expand
to K-12. Cooperative Research and Development, Education, Training, and
Outreach should be secondary to the research focus. Some elements of

Cooperative Research and Development may be incorporated into the
Countermeasures Research.

Topic 5: Radiation Health Research

NASA and the November 2000 External Review Report have emphasized the

importance of radiation effects for humans on long duration space flights.

Critique:

NASA has developed a strategic plan for radiation health and the Johnson Space
Center, as the lead Center, has developed an implementation plan. These plans
take into account the NASA's distributed nature of activities and programs
relevant to radiation health such as materials science, solar space physics,

astrophysics, space operations, etc. Further, NASA has committed to developing
and operating a beam line at the Department of Energy's Brookhaven National
Laboratory (BNL), which will be used to simulate unique aspects of the space
radiation environment. The NSBRI has a modest program in radiation effects,
but its relation to the broader NASA program should be further refined. Since the
BNL is one of the member institutions of the NSBRI, there is a good opportunity

for the Institute to play a key role in the NASA efforts.

Recommendations:

NASA and the NSBRI should clarify the role that the radiation effects team
should play in the overall program to reduce health risks associated with

exposure to space radiation.

NSBRI should consider the addition of NASA JSC technical experts on radiation

to the radiation effects team.

Topic 6: Bioinfomatics

Bioinformatics is essential for research in the 21 st century. The nature of

research is evolving rapidly and commonly requires high throughput technologies

that generate vast volumes of data that require special bioinfomatics capabilities
for rapid analysis. The current plan fails to include a comprehensive
bioinfomatics plan. Bioinfomatics is an essential infrastructure component

required by all research teams.
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Critique:

Important previous space flight information and other research data exist in
NSBRI, JSC and with individual investigators. Bioinfomatics is a crosscutting

discipline with sets of analysis tools that span all the research of the NSBRI. The
Strategic Plan does not include a functional approach.

Recommendations:

Bioinformatics should be a prominent part of NSBRI's Strategic Plan. Tools
should be developed to model and visualize data and to assess whether

unexpected relationships may be present in existing databases for factors not yet
identified. A comprehensive approach needs to be developed. Both NASA and

the Applied Physics Laboratory at Johns Hopkins, a member of the consortium,
hold world-class expertise in this area that should be tapped. The Strategic Plan
should be modified to include bioinformatics as a key crosscutting set of tools

essential for modern research.

Topics 7: Peer Review

Critique:

The recently modified Peer Review process is fair and objective.

Recommendations:

Continue to maintain the high quality and objectivity of the Peer Review process.

Topic 8: Relationships with Complementary Programs

Critique:

There are several programs in the nation that are complementary to the NSBRI.
Many Federal agencies support preclinical research into the mechanisms
responsible for microgravity-associated risks and other space flight effects. For
example, the National Institutes of Health is the premiere funding agency for the
study of bone and muscle abnormalities and various other disease conditions.
Development of many procedures and technologies for space flight applications
can be adapted from such complementary research programs for effective

therapies to restore or promote health on Earth.

Recommendations:

Leverage NASA's investment in space travel related health risk research in
collaboration with related federal research programs. Whenever possible,

develop a collaboration with federal agencies on research, for example, in areas
such as bone, muscle, metabolism, and health monitoring technologies. One
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wouldexpectthat manytechnologiesand countermeasuresdevelopedto
minimizeor preventthe consequencesof spacetravel can beadaptedto have
practicalvalue in healthcaredelivery,just aselectronicdevelopmentsin the
formativeNASAyears resultedinseveraltechnologicspinoffsto society's
benefit.

Topic 9: November 2000 External Review

Critique:

The Review Committee concludes that NSBRI has effectively addressed the

major concerns raised in the first NASA Chief Scientist's Review.

Topic 10: President's Management Agenda

The overall goals, objectives, and approaches are being utilized by NASA and
the NSBRI as related to the President's Management Agenda.

Critique:

The establishment of the NSBRI is entirely consistent with the President's

Management Agenda in terms of strategic management of human capital,
competitive outsourcing, improved financial performance, expanded electronic
government, and budget performance and integration.

However, without stable and appropriate funding from NASA, the NSBRI will not
realize its potential and satisfy the President's Management Agenda.

Recommendations:

NASA should provide stable and sufficient funding for the NSBRI (See Budget

section below).

Topic 11: Budget

Critique:

The overall NSBRI budget is inadequate for the scope of research needed to

assure the safety and health of astronauts, especially in view of the unknown
risks of future long-term space travel and travel into deeper space. NSBRI is

operating in an environment in which the projected level of research funding is
uncertain and varies sharply from year to year. It is essential that a grant-
awarding entity for programmatic research have reasonable stability of financial
support. Instability will lead to expert investigators moving to other research and
will possibly place future astronauts at unacceptable risks for prolonged and

deep space travel.

Review of the National Space Biomedical Research Institute Strategic Research Plan
7



A chaotic situation that exists because the proposed reduction in funding for FY
2003 is severe and instability in the funding process disrupts the continuum of

research, makes it impossible to achieve the goals of Countermeasure
Research. The funding decrease threatens the pool of investigators leading this
field. Furthermore, the baseline budget in the Strategic Plan is inadequate to

meet the goals of the Strategic Plan. Even the full program budget fails to meet
the needs in view of the proposed increased duration and repeated space flights.

The complexity and implications of NSBRI research programs are comparable to
clinical research supported by the NIH, but the average allocation per project at
NIH is significantly greater than that for the NSBRI-funded projects. The original

budgetary discussions of an annual NSBRI budget of 50 million to 100 million
dollars, in addition to the baseline Biomedical Research Program, would be
appropriate to support research into the health risks associated with space flight.
The need is urgent because health risks are likely to increase cumulatively with
each subsequent International Space Station mission. Furthermore, data that
can be collected and analyzed now will provide the substrate for future
refinements of the health care system in space, will improve crew selection and
rehabilitation, will improve health care maintenance in space, and will affect
environmental and engineering adaptations for future long-range space missions.

Recommendations:

NASA should increase and stabilize the NSBRI budget. This is essential to the

success of the program and the development of the next generation of
researchers. Although NSBRI funding restoration and increase is recommended,
it should not be at the cost of NASA's Biomedical Research and

Countermeasures Program. Without adequate funding, many talented
investigators will abandon this research area and promising researchers will
pursue more attractive research areas. The foregoing will preclude future safe

space travel.

The Institute should consider the use of NIH-style center support mechanisms to

provide an appropriate funding mechanism for more complex research queries
that require a research team with complementary expertise required to develop
novel research tools and technologies required by the team. A new NASA
investment in 2-3 comprehensive centers of this type can lead to an integrative

approach into developing countermeasures that are complex and essential and
unlikely to be effectively addressed by the classic individualized R01 approach.
This approach may include NASA engineers, physicists, and computer
programmers working side-by-side with NSBRI investigators. The R01
mechanism remains essential for research that is hypothesis-driven and not

heavily dependent on advanced technologies.
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SA-02-070 June 21,2002

TO:

FROM:

SUBJECT:

NASA Headquarters
Attn: Code U/Associate Administrator for Biological &

Physical Research

AA/Director

Response to Committee Report on National Space Biomedical

Research Institute (NSBRI) Strategic Plan

As noted in my letter to you dated June 18, 2002, please find enclosed the NSBRI's response
to each of the recommendations cited in the June 10-11, 2002, report regarding the external

review of their strategic plan. We have asked the NSBRI to respond to recommendations that

only they can specifically address. The report also included recommendations regarding

actions related to NASA, and we are providing the Johnson Space Center's (JSC) response to

these recommendations below. We fully understand that the recommendations related to the

NASA budgetary actions must await Research Maximization and Prioritizations and NASA

Headquarters' policy decisions.

Our response to the following report items:

Topic 5: Radiation Health Research

The management of the NASA Radiation Health Research Program has been the topic of
discussion for several years between NASA t teadquarters and JSC. Currently, JSC has

approved strategic and implementation plans for this research area and hasan identified civil
servant manager, Dr. Frank Cucinotta. The newly identified Headquarters initiative in

radiation research appears to expand the radiation effort beyond the current plan and provides

resources for additional competitive radiation research. Originally, one of the options

discussed was to assign the NSBRI a more significant role in the overall planning and

management of the Agency biomedical radiation effort. While this was never formally

implemented, the external review committee has correctly identified the need to further

incorporate NSBRI's radiation research into the Agency's radiation plan and activities.
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NASA has recently committed significant resources to developing and operating a beam line

at the Department of Energy's Brookhaven National Laboratory, and this organization is a full

member of the NSBRI's consortium. In response to the review committee's recommendation,

JSC, in concert with its NSBRI partner, would actively support NASA Headquarters in

determining the appropriate roles, responsibilities, and resource assignments in this high

priority research area, including sponsoring a planning workshop for all the major
stakeholders.

Topic 10: President's Management Agenda and Topic 11: Budget
The review committee's recommendations in both of these topic areas revolve around the

committee's conclusion that not only is the approximate $30M/year baseline budget request

of the NSBRI inadequate, but that their requested augmentation above the $30M/year baseline

(that reaches $55M/year by FY07) is also inadequate to accomplish the scope of research

needed to assure the safety and health of astronauts.

As JSC had identified in its background materials provided to Headquarters in support of this

review, considerable Agency discussion had centered on the need for this science institute to

be funded in the range of $50M to $100M/year. It should be pointed out, however, that

previous planning estimates at the high end of this range included optional functions and tasks

that are not currently being required of the NSBRI (e.g., increased science management of

International Space Station biomedical research and Agency biomedical research, in general).

-The question is, what is the appropriate level of Agency funding lbr the NSBRI, given the

current mission requirements for human space flight as well as ensuring that the Agency can

adequately address in a reasonable timeframe the human element of any future discussions for

missions beyond low-Earth orbit.

It is our opinion that the NSBRI's augmented program request provides a reasonable balance

in light of the Agency's current fiscal environment. However, should priorities and Agency

policies permit, the original request for the NSBRI in 1999 that was included within the
overall Bioastronautics Initiative should be considered. This request had the following budget

profile: FY01/$35M, FY02/$48.8M, FY03/$62.9M_ FY04/$71.7M, and FY05/$76.2M. This

funding scenario was based on a robust program that permitted addressing a greater

percentage of the identified risks and associated critical questions as well as established a

comprehensive, integrated approach to data mining, systems analysis, and modeling. It is

funding at these levels that begin to establish the human sub-system element on a par with

other spacecraft sub-systems. This profile could be re-visited as required.

Summary

JSC is committed to supporting the Agency's responsibility for assuring the health, safeb<

and optimum performance of flight crews. The Agency science institute approach and the

NSBRI, in particular, provides an excellent model on how to engage the external scientific

community in solving important biomedical issues.
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Theknowledgeandtechnologiesfrom thisactivity havewideapplicabilityto Earth-based
healthcareconcerns.It isencouragingto notethateventhoughthis approachwasinitiated
in 1995,it complementsthePresident'sManagementAgendain severalimportantareas.

We fully supporttheexternalreviewcommittee'srecommendationsandarepreparedto
implementtheNSBRI to thefundinglevel thatis finally decidedupon. Shouldthat levelbe
lessthantherequested$30M/yearbaseline,wewould recommendre-evaluatingand
re-establishingthemissionandobjectivesthatNASA hascurrentlyprovidedto theNSBRI.
In suchascenario,wewouldhaveto developanalternateapproachonhow to accomplishthe
essentialfocusedspacebiomedicalresearch.necessaryto providefor crewsafety,health,and
optimumperformance.

If youhaveanyquestions,pleasecontactDr. JohnRummelat281-483-7317.

JeffersonD. Howell, Jr.

Enclosure
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BA/R. K. Gish

SA/D. R. Williams
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HQ/A/R. M. Senke

HQ/CIC/T. K. Grimes

SA/JARummel:jrc:06/21/02:37317
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ExecutiveVice President,Deanof Medicine
OneBaylor Plaza,NA-102
Houston,TX 77030-3498
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Strategic Plan Review

NSBRI CRITIQUE/RESPONSE

6/21/02

TOPIC 1: ORGANIZATIONAL STRUCTURE

Recommendations:

To optimize the research goals of NSBRI, the Institute needs to define and perhaps further
strengthen its management structure and clarify the roles, responsibilities and duration of
appointments for the senior management.

The Committee recommends that the NASA Chief Scientist's Review of the Institute be
preceded by the review of the individual teams by no more than 2 to 4 months. This approach
will streamline the review process and decrease the burden of these periodic reviews,
distributed over several years. The Review Committee suggests that this recommendation
supercede the recommendation of the 2000 NASA Chief Scientist's Review.

Response:

The NSBRI agrees with both recommendations. Although the roles and responsibilities of the

various key personnel directly involved in managing the Institute were defined in the original

proposal to establish the NSBRI, these roles and responsibilities have evolved over the first five

years of the [nstitute's existence, and they should be clarified and strengthened. A current view

of Institute management is presented in Figure 1.

In 1997, the NSBRI was established as a non-profit corporation in the State of Texas, with one

member, Bayior College of Medicine (BCM), and a governing Board of Directors (Board). The

Board has members representing the twelve Consortium institutions, industry', medicine, the

public and the extramural scientific community. The Board. in consultation with the Director,
Associate Director and NASA, sets the scientific, operational and technological priorities for the

Institute. It has the ultimate authority and responsibility for the activities of the Institute, moni-

tors and reports progress, and oversees the timely and cost-effective utilization of resources by
the Institute and by participants in the Institute's programs. In addition, the Board guides the

lnstitute's efforts in specific science and technology areas, reports Institute progress to NASA

annually, encourages scientific and technological advances, and ensures that the broader research

community has opportunities for strong participation in Institute activities.

Chairman of the Board. The Chairman of the Board, nominally a senior BCM official, serves

as the Institute's Chief Executive. Officer, is the primary interface between the Institute and

BCM, and leads and coordinates the Board's activities described above. He/she represents the
Institute to academic, industrial, and Government senior management and plays a major role in

developing new sources of Institute support. The Chairman of the Board is appointed by BCM

tbr a term of one year.

Underneath the Board, the NSBR1 utilizes two levels of management to carry out its various

programs: a central office staffed by the Director and Associate Director, and a mid-management

level consisting of Team Leaders and project managers or coordinators. This simple structure is
feasible only because the Institute is solidly built upon existing research management at BCM,



Figure 1. NSBRI Organizational Structure
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enablingthe NSBRI to utilize BCM's well-definedmanagementinfrastructurewhile bearing
only the incrementalcostsnecessaryto enablesmoothoperations.Thus,BCM's capability for
managinglargeFederalgrants,contractsandconsortiumsubcontracts,aswell as its established
assurance/compliancemodalities required for Federal grantees, substantially reduce the

administrative costs, guarantee compliance with all applicable Federal regulations, and provide

administrative and fiscal oversight.

Director. The Director serves as the Chief Operating Officer of the Institute and has the

ultimate responsibility for defining and carrying out the Institute's mission and achieving the

Institute's objectives and aims. He/she is responsible for development and implementation of the

Institute's strategic plan, for setting tactical priorities, and for assuring continued coordination

among the Consortium members in education and outreach as well as research. He/she is

responsible for coordinating the planning and implementation of the scientific activities of the

Institute by working directly with the Team Leaders. The Director maintains an active personal

research program and a position of academic leadership. The Director is nominated annually by
the Board's Nominating Committee and then appointed by the Board of Directors for a term of

one year. The term is renewable. The Director reports directly to the Board of Directors.

Associate Director. The Associate Director assists the Director in all aspects of management

and represents the Institute in the Director's absence. He/she is responsible for Institute financial

planning and management, internal coordination of Institute activities within the Consortium and
scientific community and serves as the liaison with Johnson Space Center (JSC) regarding

translational activities and with NASA regarding related science management activities. He/she

is also responsible for development and implementation of the Institute's bioinformatics plan,

interfacing with other funding agencies and with the international community, development of

policies regarding operation of the lnstitute's programs, and management and coordination of

any other supporting programs of the Institute. The Associate Director is nominated annually by
the Board's Nominating Committee and then appointed by thc Board of Directors for a term of

one year. The term is renewable. The Associate Director reports to the Director and to the

Board of Directors.

Team Leaders. Each Institute team is led by a single Team Leader and one or more Associate

Team Leaders. The Team Leader is responsible for: preparing and maintaining a team research

strategy that is consistent with the Institute mission, the Critical Path Roadmap and available
resources; reviewing that strategy with the Institute's External Advisory Council (EAC) and
Board of Scientific Counselors (BSC); implementing the approved strategy within the allocated

team resources and recommending the distribution of resources among the investigators: setting

priorities within the team's research area: encouraging key research scientists to develop an

interest in space-related problems; requesting seed research funds tbr startup projects: and

coordinating the activities of the investigators to maintain appropriate scientific and operational

synergy. Associate Team Leaders assist the Team Leader in carrying out his/her responsibilities

and represent the Team Leader in his/her absence. Team Leaders and Associate Team Leaders

are appointed by the Director for a term of one year. The term is renewable. Team Leaders

report to the Director. Associate Team Leaders report to their Team Leader.

Regarding individual team reviews as part of the NASA Chief Scientist's Review of the Institute:

The NSBRI agrees that the team reviews should precede the Chief Scientist's Review by two to
four months. This will streamline the review process and lighten its burden.



TOPIC 2: NSBRI TEAMS

Recommendations:

To optimize the team approach, NSBRI needs to pay closer attention to team management and
the selection of the team leaders. NSBRI should develop a plan defining the selection, training
and function of team leaders, their term of office, and their roles and responsibilities. NSBRI
should consider the inclusion of NASA technical experts as potential team members. This plan
should be developed in the next 6 months. Separately, NSBRI may consider evaluation of their
research team approach through an independent third party to define best practices and
optimize the current team approach or modify the current structure. Further, NSBRI should
construct a set of simple metrics allowing them to compare team performance over time and
across disciplines. (See Management of Research section below.)

These metrics may be used to determine the best allocation of resources among the teams to
further the goals of the Strategic Plan.

Response:

The NSBRI agrees with this recommendation and will, within the next six months, develop a set

of policies related to all aspects of team leadership, including roles and responsibilities, selection,

training, evaluation and retention. Team Leaders play a pivotal role in the management and
success of the Institute's research program (see the response to the recommendation related to

Topic 1: Organizational Structure). Having effective Team Leaders is critical to the success of

the Institute.

This topic will be discussed fully at the next meeting of the EAC (September 4-5, 2002) and the

final policies will be discussed at the Board of Directors meeting on September 26, 2002. These

policies will be in place by the end of 2002, well before the team-leader annual term would

expire in September 2003.

The current roles and responsibilities of the Team Leaders are defined earlier in the response to
the recommendations related to Topic 1. After five years of experience in managing the NSBRI

research program, it is clear that this list is incomplete. Other possible roles and responsibilities

include the following:
• Recruiting premier investigators to submit proposals of quality and relevance to appropri-

ate research announcements;

• Acting as a senior spokesperson for the team and "'marketing" team successes within the

scientific community, NASA and the general public;

• Fostering communication within the team and between the team and the general scientific

community;
• Participating actively in the NASA/NSBRI Critical Path Roadmap process to set research

priorities within the team's research area:
• Delineating relative risks within the research area:

• Acting to correct problems caused by investigators losing sight of the mission of the

Institute; and

• Acting as a liaison between management and the team investigators.
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A clear identification of the Team Leaders' responsibilities then allows a determination of their

selection criteria. These criteria might include:

• Recognition as excellent research scientists in their field;
• Possession of a broad understanding and long-term vision of appropriate and achievable

goals to reduce the biomedical hazards of long-duration space missions;

• Demonstrated leadership and program/group management experience and skills;

• Ability to assist in the development of special partnerships and joint collaborations with

appropriate elements of other federal agencies;
• Possession of good communication, organization and time-management skills; and

• Possession of high motivation and energy.
Past experience in dealing with management issues has demonstrated that it is an advantage for a
Team Leader to be from an Institute consortium member, but this has never been a criterion and

the advantage is insufficient to make it one.

Team Leader training might include the following:
• Provision of a clear summary of a Team Leader's responsibilities, including an overview

of expected meetings, requirements and deadlines as far in advance as possible;

• Explanation of the overall NSBRI structure, policies and procedures and its position in

NASA;
• Guidance in the complexities and demands of NASA infrastructure and operations;
• Attendance at a summer short course at Johnson Space Center to familiarize Team Lead-

ers with the Critical Path Roadmap, NASA/NSBRI program planning and management.

and operational space medicine;

• Frequent contact with other Team Leaders to share problems and solutions: and
• Education on use of electronic media to better foster communication, sharing of informa-

tion and data among team members.

Currently, the Team Leader term of office is the same as the project funding term and is in cycle
with the selection of projects. Discussions with the Team Leaders and with external advisors

have suggested that the Team Leaders" term of office should be longer than project funding
cycles and disconnected from the solicitation and selection of projects. Such a disconnection

would allow a Team Leader to focus on the needs of the overall team during the normal funding

cycle instead of solely on his/her own prqiect. A five-year term of office has been suggested as

the appropriate length of service, with an annual evaluation of a Team Leader's success in

meeting objectives.

Evaluation of Team Leaders is an ongoing responsibility of the Institute and should be reexam-

ined in light of possible revised responsibilities. To date, Team Leaders have been evaluated as

follows, primarily in the context of project and program evaluations:
• The EAC evaluates a team's progress each time they meet, but in detail, only once every

four or five years. However, if the EAC detects a problem with a Team Leader and/or

team, it can move quickly to evaluate and address that problem.

• The BSC reviews both project and program (team) progress annually after years one and

two of a proiect's lifetime and provides a rating of progress to the EAC and Institute

management.
• An initial peer review provides an evaluation of a Team Leader's project and provides a

certain measure of quality control.



Although all these evaluations have proven useful in identifying different kinds of weaknesses in

the Institute's programs, they are not optimal for direct evaluation of Team Leaders and should

be strengthened.

Direct measures of Team Leader performance (metrics) might include evaluation of:

• The Team Strategic Plan, for adherence to and focus on the NSBRI mission of counter-

measure production and on the potential transfer of results for Earth benefit;

• Recruitment of quality scientists/new proposals for the team:
• The effectiveness of the Team Leader as a spokesman for the team to NASA and to the

scientific community; and

• Team Leader performance by the team principal investigators and by NASA.

Additional metrics might be used to evaluate projects and teams so as to best allocate resources.

These are described in the response to Topic 3: Management of Research.

TOPIC 3: MANAGEMENT OF RESEARCH

Recommendations:

The NASA and the NSBRI should develop metrics to track the development of
countermeasures. The following metrics are suggested:

• What is the distribution of tasks by CRL or TRL (Technology Readiness Level) ?
• What is the distribution of tasks and funding by criticality (fikelihood & consequences)?
• How many tasks are being flown to test countermeasures or develop baseline data?

Over the next 5 years, the research program should move aggressively toward a much larger
proportion of higher CRLs.

Response:

The Institute agrees that a set of metrics should be developed that track the success of NASA and

the NSBRI in producing countermeasures that lower the biomedical risk of space flight and

apply the limited available resources to the most important problems. Such metrics tall into two

groups. The first group is descriptive, providing information about a research program. The
three examples cited in the recommendation above fall into that category. In fact, these three
metrics have already been applied to both the Institute's program and to NASA's Biomedical

Research and Countermeasures Program. Such descriptive metrics are informative, but,

unfortunately, they do not necessarily indicate the actions needed to increase team progress

towards countermeasure production.

The second group of metrics is evaluative and involves the longitudinal, periodic assessment of

project and team progress by an expert peer panel. As mentioned in the response to the recom-
mendations regarding Topic 2, carrying out this evaluation is one role of the Institute's BSC.

The single project evaluation criteria previously used by the BSC arc:
• Are the hypotheses (where appropriate) and specific aims or objectives of the project

clearly stated, and is the work proceeding in a manner that will accomplish the goals of

the project?
• Is ongoing planning for this project dynamic with regard to the current state of the field.

both intellectually and technically?



• Is the productivity to date for this project adequate?
• Does evidence exist for substantive collaboration between this and other projects within

the research team? With other research teams within the NSBRI? Is collaborative/syner-

gistic effort with other Institute researchers a reasonable expectation for this project?

Thus, each project has been measured against the specific aims and schedule from the original

project proposal, and the project was rated as: superior, satisfactory, needs improvement or not

determined (usually for very new projects).

Programs (teams) were rated by the following criteria:
• Is the program strategy for accomplishing the mission of the NSBRI clearly stated and is

appropriate progress being made to effectively carry out that strategy?
• Is the scientific productivity of the research team appropriate for the (first, second) year

of a three-year (generally) research program (at this level of effort)?
• Are the research projects functioning synergistically within the research program?

• Is there evidence of collaborative effort among project scientists within the research

team? With other NSBRI research teams?

• Is the program research direction likely to contribute effectively to the mission of the
NSBRI? Will it advance the scientific field generally?

• Is the Team Leader effective in providing leadership to the entire team? How well does
the Team Leader's level of effort on behalf of the Institute match that previously

promised?

Programs (teams) were rated as: superior, satisfactory or needs improvement.

We have found this method of generating metrics very useful in management decisions concern-

ing the allocation of resources. The previously-used evaluation criteria can be strengthened. The
NSBRI intends to seek the assistance of an outside panel of experts in reexamining its approach

to these metrics and strengthening its set of descriptive and evaluative metrics to apply to the

Institute's FY 2003 program.

TOPIC 4: RESEARCH PRIORITIES

Recommendations:

The Committee recommends that NSBRI continue to maintain Countermeasures Research as

its primary research focus.

At this time, efforts in education should emphasize graduate and post-graduate support in
research environments in NSBRI consortia member laboratories. As the Institute and its
research programs mature, educational efforts may expand to K-12. Cooperative Research and
Development, Education, Training, and Outreach should be secondary to the research focus.
Some elements of Cooperative Research and Development may be incorporated into the
Countermeasures Research.

Response:

The NSBRI agrees with these recommendations and will maintain Countermeasure Research as

its primary focus and emphasize support for graduate and postgraduate training as its most

important thrust in education. In the spirit of the last recommendation, the NSBRI intends to

integrate a new program in bioinformatics into the Countermeasure Research Program (see



Figure 1). This new program includes the data archiving, modeling and systemsanalysis
componentsthatwereformerly includedin theCooperativeResearchandDevelopmentarea.

TOPIC 5: RADIATION HEALTH RESEARCH

Recommendations:

NASA and the NSBRI should clarify the role that the radiation effects team should play in the
overall program to reduce health risks associated with exposure to space radiation.

NSBRI should consider the addition of NASA JSC technical experts on radiation to the radiation
effects team.

Response:

See the separate NASA response to this recommendation.

The NSBRI agrees that NASA and the NSBRI should work together to clarify the role that the
Institute's Radiation Effects Team should play in NASA's overall program and has had several

preliminary discussions with NASA concerning this matter. Clearly, these discussions should

continue, leading to a resolution of this issue.

The NSBRI accepts the recommendation that NASA JSC technical experts on radiation be added
to the NSBRI's Radiation Effects Team. Since normal team membership involves selection of a

peer-reviewed project, it is proposed that technical expertise from one of the NASA Field Cen-
ters (including JSC) be considered for ex offTcio membership in a team whenever appropriate and

agreed to by NASA and NSBRI management.

TOPIC 6: BIOINFORMATICS

Recommendations:

Bioinformatics should be a prominent part of NSBRI's Strategic Plan. Tools should be
developed to model and visualize data and to assess whether unexpected relationships may be
present in existing databases for factors not yet identified. A comprehensive approach needs to
be developed. Both NASA and the Applied Physics Laboratory at Johns Hopkins, a member of
the consortium, hold world-class expertise in this area that should be tapped. The Strategic Plan
should be modified to include bioinformatics as a key crosscutting set of tools essential for
modern research.

Response:

The NSBRI agrees with this recommendation and will modify its strategic plan accordingly.
Bioinformatics (research, development, or application of computational tools and approaches for

expanding the use of biological, medical, behavioral or health data, including those to acquire,
store, archive, analyze, or visualize such data) is essential to the lnstitute's ability to carry out its

mission of countermeasure development. The Institute has had a program in this area since its

inception, related primarily to data archiving but recently expanded to include several related

modeling efforts. The Institute has proposed a modest expansion of related activities in the
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present strategic plan. The Institute's bioinformatics-related activities are of three types,
described below.

Since 1997, an NSBRI data archiving project based at Johns Hopkins University's Applied

Physics Laboratory has been developing the infrastructure to enable appropriate experimental
data to be collected and disseminated to the scientific community. This Institute Data Archive

System, the first bioinformatics-related activity, has been developed following a model that is

based, in part, on NASA's Life Sciences Data Archive System (LSDA). Investigators are
informed of the data management requirements through the research announcements. Beginning

in FY 2003, investigators will be required to deliver both a data management plan and their data

(as it is collected) to a central Institute data archive.

The second bioinformatics-related activity in the current strategic plan concerns the recovery of

previous space-flight data not presently available to the scientific community. These data are
archived in a format that is compatible with NASA's current LSDA structure. As an example,
no current data archive contains the recoverable data from the Skylab missions of the 1970s.

These data are the most extensive set of human data ever gathered in space.

The third activity concerns the future development of a distributed, but integrated, data

management and modeling system for all research, medical and environmental space-flight data
and the concurrent development of a system to allow appropriate accessing of these data by

various categories of users. Included with this activity is the development of appropriate

filtering systems to allow release of much of the data to the scientific community. The EAC
addressed the issue of data integration and modeling in its Fall 2001 and Spring 2002 meetings,

following an EAC-sponsored workshop on the topic in May 2001 (chair: F. Eugene Yates,
M.D.). The workshop panel agreed with the November 2000 site-visit report that the Integrated
Human Function Team should be done away with by distributing the very sound modeling

projects to other teams. The panel also recommended, and the EAC agreed, that integration of
data, information and modeling was an essential Institute function and should be the

responsibility of a new Institute activity (part of the bioinformatics project of Figure 1). The
focus of this new activity is on integrating research across the different teams and guiding the

development of multi-system models for use in countermeasure research. The EAC strongly
recommended that additional Institute resources be committed to carry out this responsibility and

said the Institute goal of creation of a "'digital human" gives the NSBRI one of its best chances

for distinction.

If NASA makes appropriate funds available beginning in FY 2003, the Institute will develop a

major cross-cutting initiative in the general area of bioinformatics. Planning for that lmtlatlve

will begin in August 2002 with a meeting hosted by the University of Washington in Seattle.

TOPICS 7: PEER REVIEW

Recommendations:

Continue to maintain the high quality and objectivity of the Peer Review process.

Response:

The NSBRI intends to maintain its high standards of peer review.
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TOPIC 8: RELATIONSHIPS WITH COMPLEMENTARY PROGRAMS

Recommendations:

Leverage NASA's investment in space travel related health risk research in collaboration with
related federal research programs. Whenever possible, develop a collaboration with federal
agencies on research, for example, in areas such as bone, muscle, metabolism, and health
monitoring technologies. One would expect that many technologies and countermeasures
developed to minimize or prevent the consequences of space travel can be adapted to have
practical value in health care defivery, just as electronic developments in the formative NASA
years resulted in several technologic spin-offs to society's benefit.

Response:

The NSBRI strongly agrees with this recommendation. In the original 1997 proposal to form the

NSBRI, a program called the National Research Initiatives Program was proposed that would

build partnership programs with federal agencies that had mutual research interests with the

NSBRI. Agreement in principle to develop such a joint program was obtained with both the
National Institute of Deafness and Other Communication Disorders of the NIH and the

Biomedical Engineering Program in the Engineering Directorate of the National Science

Foundation. In fact, a program with the former agency was established and has been operating

successfully for four years. It has always been our intention to replicate this model with other

federal funding agencies, but the low level of financial support for the NSBRI has precluded our

doing so.

TOPIC 9: NOVEMBER 2000 EXTERNAL REVIEW

Recommendations:

None.

Response:

No response required.

TOPIC 10: PRESIDENT'S MANAGEMENT AGENDA

Recommendations:

NASA should provide stable and sufficient funding for the NSBRI (See Budget section below).

Response:

See the separate NASA response to this recommendation.

Only with stable and sufficient funding can the Institute attract and hold the high-quality inves-

tigators needed to solve the biomedical problems of space flight and accomplish its mission.
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TOPIC 11: BUDGET

Recommendations:

NASA should increase and stabilize the NSBRI budget. This is essential to the success of the

program and the development of the next generation of researchers. Although NSBRI funding
restoration and increase is recommended, it should not be at the cost of NASA's Biomedical
Research and Countermeasures Program. Without adequate funding, many talented
investigators will abandon this research area and promising researchers will pursue more
attractive research areas. The foregoing will preclude future safe space travel

The Institute should consider the use of NIH-style center support mechanisms to provide an
appropriate funding mechanism for more complex research queries that require a research
team with complementary expertise required to develop novel research tools and technologies
required by the team. A new NASA investment in 2-3 comprehensive centers of this type can
lead to an integrative approach into developing countermeasures that are complex and
essential and unlikely to be effectively addressed by the classic individualized R01 approach.
This approach may include NASA engineers, physicists, and computer programmers working
side-by-side with NSBRI investigators. The R01 mechanism remains essential for research that
is hypothesis-driven and not heavily dependent on advanced technologies.

Response:

See the separate NASA response to this recommendation concerning the NSBRI budget.

The NSBRI agrees with the recommendation that an NIH-style center support mechanism would

be an effective approach to certain key areas of countermeasure development. If the funding for
the NSBRI increases as the reviev_ panel suggests it should, then this topic will be discussed with

the EAC, NASA and the NSBRI Board of Directors. If these discussions are positive and the

funding available, a plan will be developed to initiate a small number of such centers as major

integrating elements of the NSBR1.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT:

Bone Loss

Susan Bloomfield, Ph.D.

Texas A&M University

Bone and Muscle Recover_" from Simulated

Microgravity

Project Executive Summary

Dramatic losses of bone mineral density (BMD) and muscle strength are two of the best-

documented changes observed in humans after prolonged exposure to microgravity. Recovery of

muscle upon return to a 1-G environment is well studied, however, far less is known about the

rate and completeness of BMD recovery to pre-flight values. Using the mature tail-suspended
adult rat model, this proposal will focus on the temporal course of recovery in tibial bone

following a 28-d period of skeletal unloading. Through the study of bone density and muscle

strength in the same animal, time-points during recovery from simulated microgravity will be
identified when bone is at an elevated risk for fracture. These will occur due to the rapid

recovery of muscle strength coupled with a slower recover5' of bone, producing a significant
mismatch in functional strength of these two tissues. Once the time-point of maximal mismatch

is defined, various mechanical and pharmacological interventions will be tested at and around

this time-point in attempt to minimize the functional difference of bone and muscle. The
outcomes of this research will have high relevance for optimizing the rehabilitation of astronauts

upon return to Earth, as well as upon landing on the Martian surface before assuming arduous

physical tasks. Further. it will impact significantly on rehabilitation issues common to patients

experiencing long periods of limb immobilization or bed rest.
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[RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Bone Loss

Mark E. Bolander, M.D.

Mayo Clinic Rochester- Rochester

Effect of Microgravi_ on Fracture Healing:

Ultrasound as a Possible Countermeasure

Project Executive Summary

The NSBRI Conference that was convened in Clear Lake, Texas, on November 16-17, 2000,

identified fracture healing during space flight as an area where further information would be

required to appropriately prepare for long-term space missions, and developing countermeasures

to restore normal fracture healing was identified as a priority for current research. The RFA

dated February 22, 2000, (NSBR1 II 00-01) requested studies evaluating the effect of space flight

on fracture healing and developing countermeasures. This application is submitted in response to
that RFA.

Our current understanding of bone physiology suggests that fracture healing will be abnormal in

the microgravity environment. This hypothesis is supported by two published studies, the first an

abstract reporting abnormal healing in rats undergoing hindlimb unloading, the second a

manuscript (in Russian) that describes abnormal fracture healing in five rats with fibula fractures

flown on Cosmos-2044. This latter study reports that abnormalities seen in fracture healing after

space flight were duplicated in the hindlimb-unloading model.

The goals of the experiments proposed in this application are 1) to confirm the previous reports

that microgravity adversely affects fracture healing, and 2) to determine if ultrasound treatment,
which has been shown to accelerate fracture healing in clinical studies, will reverse the impaired

cellular events in fracture healing that are related to microgravity. If ultrasound does not act as
an effective countermeasure we will undertake detailed evaluation of our histologic samples to

identify potential targets for other countermeasures.



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Bone Loss

Carlos M. Isales, M.D.

MCG Research Institute, Inc.

Therapeutic Modulation of Systemic Glucose-

Dependent Insulintropic Peptide Levels to

Counteract Microgravi_-induced Bone Loss

Project Executive Summary

Our long-term goal is to understand the molecular mechanisms of bone formation, maintenance

and repair. Weight-bearing is essential for bone formation and maintenance. In the absence of

load, for example, in the microgravity environment of space, bone tends to atrophy. We
hypothesize that the detrimental effect of diminished gravitational load can be overcome by

exploiting the hormonal cues received by bone. Our primary candidate for effecting this control

is the enteric hormone, glucose-dependent insulinotropic peptide (GIP), secreted from the small

intestine in direct response to nutrient intake. We propose that by therapeutically elevating GIP

levels, coupled with strict dietary control, it will be possible to mitigate the impact of

microgravity.

The accepted function of GIP is coupling insulin secretion to blood glucose elevations.

However, our group was the first to demonstrate an additional function for GIP, namely the
stimulation of bone formation(I-3). Functional GIP receptors are present on bone-forming cells

in vivo and activation of these GIP receptors leads to an increase in bone formation and,

conversely, an inhibition of bone resorption.

Thus, GIP might be an important hormonal link between nutrient ingestion and bone formation.
To define GIP's role in normal bone formation we have generated transgenic mice with GIP

levels up to four times normal We proposed to examine the bone phenotype in these GIP-

overexpressing transgenic mice. Our hypothesis predicts that these mice will have significantly

higher bone mass on the basis of both a stimulation of bone formation and inhibition of bone

resorption. To define GIP's role under conditions of microgravity we propose to examine

whether endogenous elevations in GIP prevent bone loss in a model of weightlessness (hindlimb
suspension). Our hypothesis predicts that these mice will be protected against bone loss in the

simulated microgravity environment

During the last year we have begun the characterization of the effects of GIP on the bones of the

GIP overexpressing transgenic mice. The data demonstrate that these animals have denser bones
than their littermates. In addition, the higher levels of GIP are protective against the bone loss

associated with estrogen loss in ovariectomized mice. The higher levels of GlP do not appear to

have any negative impact on the health of these mice. their weight is unchanged as is their blood

sugar and lifespan. Thus, GIP would appear to have vet7 specific beneficial effects on bone

turnover. Whether GIP will be as effective in preventing bone loss associated with microgravity

is not yet known. However, we are pursuing collaborations which we hope will help strengthen

our findings. For example, the dynamics of GIP secretion in response to a meal are well known

but the impact of microgravity on GIP secretion is not. We hopc to define this by measuring

levels of GIP in response to a meal under conditions of microgravity (using a bed rest study being

performed by Dr. Joseph Zerwekh). We also are studying the muscle-bone interaction in these
GIP overexpressing transgenic mice with the help of a NASA funded investigator of muscle



atrophy (Dr. Paul McNeill). We are also trying to define GIP effects at a cellular level by

examining specific genes activated by GIP which we identified using Gene Chip technology.

The number of genes activated in osteoblastic-like cells by GIP are almost twice those activated

by parathyroid hormone, a well described anabolic hormone for bone.

Experiments to be performed over the coming year should give us a much better understanding
of GIP's effects on bone. The bones and bone markers of the GIP overexpressing mice need to

be fully characterized. We do not know if the higher bone mass seen in the GIP overexpressing

transgenic mice is of the same quality as normal bone, so bone strength studies need to be done.
We still do not know whether GIP is protective against bone loss initiated by loss of testosterone.
We do not know whether modifications in the animals diet potentiate or antagonize GIP's

beneficial effects on bone mass. We do not know if other anabolic agents for bone such as PTH

can synergize with GIP and give us much larger increases in bone mass. These questions need to
be answered before we can begin the studies on whether GIP is protective against the bone loss

associated with a microgravity environment (hind limb suspension) which we expect to begin in

year three (2003) of the funding cycle.



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Bone Loss

Gerard KarsenD', M.D., Ph.D.

Baylor College of Medicine

Leptin as a Regulator of Bone Formation in

Microgravity

Project Executive Summary

The original aims of the project are as follows:
• To determine whether leptin controls bone mass by releasing a humoral substance

following its binding to its hypothalamic receptor.

• To determine whether the sympathetic nervous system is involved in mediating leptin
control ,of bone formation.

• To determine whether a naturally occurring soluble some of the leptin receptor can

prevent leptin inhibitor5' action on bone formation.

Several key findings were made during the previous year of funding. These can be summarized
as tbllows:

• Leptin uses different pathways to control bone mass and body weight.

• The concentration of leptin in blood is not a good indicator of its action on bone
formation

• Neurons present in the hypothalamus and controlling bone formation have been
identified.

• The mediator coming out of these neurons and affecting bone formation is not present in
blood.

The impact of these findings on the hypotheses, objectives and specific aims of the original

proposal:

These findings confirmed largely our working hypothesis that there is a brain-derived neuronal
control of bone mass. The5' lead us to propose new experiments to identify the mediator relaying
information form the brain to the bone cells.

In the coming year we intend to use mutant mouse strains deficient in various neuromediators to

identi6' the mediator of leptin action on bone mass. Once we will have identified this mediator

we will generate an inhibitor of this mediation and we will us it in ovariectomized animals to
determine whether it can be used to prevent the development of osteoporosis.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Bone Loss

Clinton Rubin, Ph.D.

State University of New York - Stony Brook

A Biomechanical Countermeasure for Disuse

Osteopenia

Project Executive Summary

Original aims of the project: Osteoporosis, the progressive loss of bone density and strength

which cripples tens of millions on our planet, distinguishes itself as perhaps the greatest

physiologic obstacle to an extended human presence in space. The principal objectives of this

proposal are to establish the efficacy of a unique, biomechanical countermeasure to inhibit bone
loss in an animal model of disuse osteoporosis, and correlate this regulatory influence to the

expression patterns of several genes critical to bone formation and resorption. Using a ground

based model of microgravity, the tail-suspended rat, we have shown that brief exposure (10

minutes) to extremely low magnitude (0.25g, engendering < 5 microstrain), high frequency (30-

90 Hz) mechanical signals will inhibit the bone loss which typically parallels disuse, even though

10 minutes of full weightbearing failed to curb this loss. Longer-term experiments in sheep have
shown this stimulus to be strongly anabolic, increasing bone mineral density, trabecular number

and connectivity, and improving bone strength.

In a series of four specific aims, we are using several morphometric assays on the mouse model

of tail-suspension to rigorously establish the efficacy of a specific mechanical signal (10 minutes

at 30Hz, 0.3g: parameters being used in clinical trials to inhibit bone loss in the elderly) to inhibit

and/or reverse 28 days of disuse osteopenia. In an effort to understand the mechanisms by which

this signal is anabolic, we will also monitor the temporal and spatial expression of nine genes.
each indicative of a specific process of bone formation or resorption. The use of the mouse will

facilitate man}' aspects of the protocol, including comprehensive genomic profiling and expedited

access to spaceflight. Considering that man}' flight opportunities are brief and thus do not permit

long term morphologic adaptations in bone to occur, combining the molecular with the tissue

level strategies will facilitate establishing countermeasure efficacy even following short term

exposure to microgravity. In essence, this work represents a critical step in establishing a

physiologically based, non-pharmacologic, non-invasive treatment for osteoporosis, for use on

earth or in space.

Key findings of the project: Thus far. the project has demonstrated that the low-level
mechanical intervention is powerfully anabolic, and can effectively inhibit the bone loss which

parallels disuse. As importantly, using three distinct strains of mice. we have determined that the

response of the skeleton to disuse is strongly dependent on the genomic makeup of the animal.
and that the responsivity of the skeleton to the signals are dependent on the animal strain.

Impact of these findings: These findings point to a unique, non-pharmacologic, non-invasive

means of controlling bone loss in a microgravity environment. This biomechanical intervention

may potentially displace the need for time consuming (and relatively ineffectual) exercise

regimens, or replacing the need for pharmacologic countermeasures (and the potential long-term
side effects that they may cause). Importantly, promising results from prelimina_' clinical trials

on post-menopausal women, girls with osteoporosis, and children with cerebral pals}, also
indicate that this therapy may work for the 20 million people on earth who suffer from
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osteoporosis. This work may also contribute to identifying the genetic basis for those at greatest
risk of the diseases.

Plans for the coming year: Studies will continue to identify the strain-specific sensitivity of the
skeleton to disuse and/or mechanical stimulation, and efforts will begin to determine those genes

that are involved in regulating the process. Work funded by NASA has begun, in the

"definition" phase, to determine if this biomechanical intervention can be used effectively on
astronauts in the ISS.
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ORGANIZATION:

PROJECT TITLE:

Bone Loss

Mitchell B. Schaffler, Ph.D.

Mount Sinai School of Medicine

Resorption Suppression and Bone Health in Disuse

Project Executive Summary

Bone loss in microgravity, and the resulting bone fragility that ensues, have been identified by

NASA and NSBRI as key barriers to successful long-term space flight and the recover3' of

normal function in astronauts upon returning to Earth's gravity. Overcoming these problems will

require safe and effective countermeasures not only to prevent bone loss, but also to maintain the

functional-mechanical integrity of the tissue during prolonged space flight. A necessary

prerequisite .for development of those countermeasures is the identOqcation of appropriate

cellular targets .for both processes. Those cellular targets have not ,vet been .fully characterized

We posit that 1) preventing bone loss and 2) maintaining bone health during long-duration in
the absence of normal loading involve different cellular mechanisms and so will require different

countermeasures. 1) Osteoclasts are clearly' the agents driving bone loss due to unloading. Thus,

they present an obvious countermeasure target for modulating bone loss in space flight and in
other hypodynamic loading situations. Available pharmacological strategies to inhibit

osteoclastic resorption have a high likelihood of success, though de/initive hmg-term data./or

remodeling suppression q/ier unloading do not exist. 2) Changes in osteocyte integrity result

from long-term loss of normal mechanical loading. If the normal remodeling response of bone to

impaired osteocytes is suppressed, as would be the case with treatment using an anti-resorptive

agent, then regions of osteocytes can die. leading to the accumulation of devitalized bone.
Devitalized bone becomes mechanically fragile, raising the fundamental question of whether

bone loss resulting from withdrawal of normal mechanical usage can be safely prevented for the

long-term, without paradoxically impairing osteocyte function, and thereby bone's ability to

function mechanically in a normal load-bearing environment. The proposed experiments test the

hypotheses that 1) Long-term suppression of bone remodeling in disuse will successfully
maintain bone mass, microarchitecture, stiffness, and strength, but will result in compromised

fracture resistance properties: and 2) Decreased mechanical usage in tile presence of an

antiresorptive agent results in loss of osteocyte integrity and accumulation of bone with impaired

viability.

To test these hypotheses, we will undertake a series of long-term immobilization experiments in

a canine model, with biphosphonate treatment to prevent bone loss. Bone health will be assessed

from conservation of tissue mechanical properties and from in situ assessments of osteocyte

viability. We will determine whether suppression of bone resorption superimposed in unloading

leads to impaired osteocyte viability and increased brittleness of bone, and whether the extent of

such alterations can be sufficient to cause significant bone fragility.
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Bone Loss

Jay R. Shapiro, M.D.

Medstar Research Institute

Defining and Preventing Bone Loss: A MicrograviD'

Model

Project Executive Summary

Muscle atrophy and bone loss are major complications of spinal cord injury (SCI), chronic bed

rest and exposure to microgravity. Space medicine research has amply documented the extent to

which muscle and bone loss may impair strength and increase fracture risk. We propose that the

SCI patient can serve as a surrogate for studying microgravity exposure. A primary objective of

this research program is to limit the extent of bone loss in SCI patients by treating with a potent

intravenous bisphosphonate, zoledronate for a period of one year. The zoledronate effects on
bone will be measured using bone density' values and femur scan structural analysis as the

indicators of bone integrity. We will determine the effects of zoledronate on biomarkers of bone

resorption and formation and on serum calcitropic hormone levels. To study' the process of

muscle atrophy when weightless, we will determine the relationships between changes in thigh
muscle cross-sectional area measured by CT scan, muscle biopsy immunohistochemistD r, muscle

protein translation markers and markers for protein synthesis activation and protein degradation.
To further understand mechanisms involved in bone loss we will determine sequential changes in

femur bone geometry and structural parameters obtained from DEXA scans by established 2-D
curved beam analysis methods. Using femur CT images we will measure changes in femur bone

dimensions and will apply 3-D finite element analysis to estimate fracture risk. The new time-of-

flight mass spectrometer will permit measuring the excretion of zoledronate in urine and plasma
levels. We will compare these to radiologic measurements and bone biomarkers. The objectives

of this research are: 1) to develop a regimen for minimizing bone loss in SCI subjects that may' be

appropriate for astronauts during extended microgravity exposure, and 2) to investigate
mechanisms related to muscle and bone loss during weightlessness, and 3) to explore the SCI

patient as a surrogate tbr the investigation of microgravity induced musculoskeletal atrophy'.
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Bone Loss

Carolyn L. Smith, Ph.D.

Bayior College of Medicine

Receptor Countermeasures to Bone Loss in

Microgravily

Project Executive Summary

The prevention of bone loss due to skeletal unloading is a complex problem and the reasons for
this loss have not been elucidated. The overall goal of the bone team of NSBRI is to develop

countermeasures that will not only prevent quantitative loss of bone, but also maintain bone

strength. Measures that simply prevent resorption may maintain mass, but may block the

necessary remodeling that ensures adequate bone strength. Studies to date suggest that good
nutrition and exercise regimes will be insufficient to achieve this goal so pharmacological

alternatives must be considered. The biological actions mediated by the estrogen receptor (ER)

and vitamin D receptor (VDR) play key roles in the normal control of bone growth and skeletal
turnover that are necessary for skeletal health. These receptors act by controlling the

differentiation and/or function of osteoblasts and osteoclasts, and other cell types within the bone

and bone marrow microenvironment as well as playing a role in calcium absorption (VDR). We

hypothesize that the appropriate combination o[an a,_ent that will improve calcium absorption

and encourage bone .[brmation (VDR agonist) and an agent that will reduce bone resorption
(selective estrogen receptor modulators [SERM]) will achieve the goal o/maintaining bone mass

and bone strength. To test this we have initiated studies to: 1. Assess the ability of novel

receptor agonists of the ER and VDR, alone or in combination, to modulate osteoblastogenesis,
mature osteoblast function and osteoclastogenesis in vitro and in vivo and 2. Assess the ability of

novel receptor agonists of the ER and VDR, alone or in combination, to prevent bone loss in the
hindlimb suspension model of skeletal unloading. Effects of unloading and the countermeasures

will be assessed by: a. Measuring changes in bone mineral density, histomorphometry,

mechanical strength testing and biochemical markers of bone metabolism, b. Determining the

effects of" these treatments on osteoblastogenesis and osteoclastogenesis and function, and c.

Characterizing gene expression profiles in bone resulting from skeletal unloading and
administration of the countermeasures. Our results to date indicate that iigands of both the ER

and VDR possess the ability to attenuate bone loss in the rat hindlimb suspension model of

skeletal unloading. Collectively, these studies will lead to a better understanding of the changes
associated with skeletal unloading and will test the utility of VDR agonists and SERMS as

countermeasures.
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Bone Loss

Joseph E. Zerwekh, Ph.D.
UT Southwestern Medical Center at Dallas

Prevention of Microgravity-lnduced Stone Risk by

KMgCitrate

Project Executive Summary

Ground-based studies, as well as a limited number of space flight studies, have clearly

demonstrated an increased risk for stone formation as determined from the composition of the

urinary environment. Increased bone resorption raises urinary calcium and the urinary state of

saturation with respect to the calcium salts, calcium oxalate and brushite. However, documented

changes in other urinary components such as citrate, pH, and magnesium appear to also raise the
risk for the formation of not only calcium stones but also uric acid stones as well. Nutritional

modifications to counter the tendency toward stone formation might include increased fluid

consumption and supplementation with an appropriate countermeasure that would decrease the
risk for stone formation by increasing urinary pH and the concentration of inhibitors of stone

formation. Bisphosphonates reduce bone resorption and lower urinary calcium but have no effect

on urinary pH or citrate. Thus, the hypothesis to be tested in this project is that KMgCit

supplementation will attenuate the increased risk tbr stone lbrmation and diminish microgravity-
induced bone loss. This hypothesis is currently being tested during five weeks of bedrest in

normal volunteers through three specific aims: 1: assess the efficacy of supplementation with

potassium magnesium citrate (KMgCit) in preventing microgravity-induced increased risk of
renal stone formation. 2: evaluate the effect of KMgC!t supplementation in averting diminished

muscle magnesium and potassium concentrations that may occur during microgravity-induced

muscle atrophy and 3: assess the efficacy of supplementation with KMgCit in reducing

microgravity-induced increases in bone resorption and urinary calcium losses.

A total of eight qualified normal volunteers have given informed consent to participate in this

study. This study is being performed as a double blind, placebo-controlled randomized trial.

This study design precludes an assessment of the treatment efficacy at this time. Results to date
are summarized in Table 1 as the average for all eight subjects and in Figures 1-9 as both group

averages as well as individual patient plots. Significant changes were observed for several
urinary" analytes and for serum immunoreactive PTH. The increase in urinary calcium and

deoxypyridinoline, a marker of bone resorption, is consistent with an overall increase in bone

resorption. The significant reduction in serum iPTH is also consistent with this mechanism. The

other changes, such as the significant increase in urinal' potassium and magnesium may reflect

the response of those subjects who received the active drug. We have not observed any

consistent change in the measures of urinary states of saturation for calcium oxalate or brushite.

We did observe a significant reduction in the relative saturation ratio of sodium urate during the
first week of bedrest. It is not possible to discern if this decrease was tile result of KMgCitrate

therapy or due to some other change. While this is very prelimina_' data, it does corroborate our
earlier findings of a rapid increase in bone resorption following bedrest immobilization. Several

additional analyses, including analysis of muscle biopsies for potassium and magnesium (specific

aim 2), bone mineral density analyses, bone ultrasound analyses, vitamin D metabolites, and

gastrointestinal absorption of calcium, are currently under,ray or at various stages of completion.
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Thesepreliminary findings do not deter from our original hypothesis. The small numberof
patientsstudied,combinedwith ourdouble-blindstudydesigndonot permit a subgroupanalysis
of KMgCitrate's ability to reducethestone-formingpropensityof urinefrom subjectsundergoing
five weeksof bedrest. Suchananalysiswill not bepossibleuntil the studyis completed. The
findingsdosupporttheuseof theground-basedmodelof bedrestto mimic theskeletalunloading
experiencedin themicrogravityenvironmentof space.

Research plans for the coming year call for a continuation of the current research protocol as

originally described. The next two patients are scheduled to begin the protocol later this month.

We fully anticipate that another 7-8 subjects will be evaluated in the coming year barring any

early study termination. If we are successful in this regard, we will be on course to fulfill our

pre-specified number of 20 subjects during the third year of study.
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RESEARCH AREA:
PRINCIPAL INVESTIGATOR:
ORGANIZATION:
PROJECT TITLE:

Cardiovascular Alterations
MohamedA. Bayorh, Ph.D.
MorehouseSchoolof Medicine
PossibleCountermeasuresto Post-Suspension
Hypotensionin the Head-DownTilt Rat Model

Project Executive Summary

Exposure to microgravity or simulated microgravity in humans causes cardiovascular

deconditioning with orthostatic hypotension and tachycardia. Postflight orthostatic intolerance is

a dramatic physiologic consequence of human adaptation to microgravity made inappropriate by

a sudden return to normal gravity. Loss of appropriate cardiovascular reflexes contributes to the
cardiovascular deconditioning, but the specific mechanisms remain uncertain. The endothelium

is now recognized to play a critical role in the regulation of vascular resistance and blood

pressure through the release of nitric oxide and/or prostacyclin. The objective of the proposed

studies is to test the hypothesis that the post-suspension hypotension in rats following simulated

microgravity involves elevated levels of prostacyclin and/or nitric oxide and, thus, can be
attenuated by specific inhibitors of these vasodilato_ r factors. Using the 30 ° tail-suspended

(hindlimb-unloaded) rat model, the roles of prostacyclin and nitric oxide in post-suspension

hypotension are being evaluated. For the coming year we will continue to examine gender

differences in the post-suspension hypotensive response.
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PROJECT TITLE:

Cardiovascular Alterations

Donald M. Bers, Ph.D.

Loyola University Chicago

Integrative Cardiac Myocyte Model: Ion Channels,
Ca and Contraction

Project Executive Summary

Our long-term objective is to build a detailed quantitative model of cardiac muscle, which will

include electrophysiological properties, cellular Ca-regulation and contractile activation and
relaxation. Aims of the project are: 1) To develop a more up-to-date electrophysiological model

of cardiac myocyte dynamics; 2) to incorporate new Ca-transport data on SR Ca-uptake, release
and Na/Ca exchange; 3) To extend the model to include cooperative Ca-dependent myofilaments

activation, contraction and relaxation; and 4) Implement this mode[ on highly accessible formats

(one user-friendly and one computer-friendly for interfacing with other models). The rationale

for our proposal stems from a lack of integration of information from the level of ion channels to

Ca transients to myofilament force and shortening. We plan to develop a comprehensive

quantitative model that incorporates up-to-date information on ion channels, modulation of Ca-

cycling processes and myofilament activation. The approach involves a team of investigators

with long-standing laboratory and modeling experience in each of these processes. Drs. Bers and

Puglisi of Loyola University have extensive experience in modeling and quantitative

experimental studies of regulation of Ca-cycling and membrane currents in the cardiac myocyte.
Similarly, Drs. De Tombe and Solaro of the University of Illinois at Chicago have extensive

experimental and modeling experience that focuses on the modulation of myocyte response to

Ca. The approach involves the generation of computer models constrained by dynamic data

generated in these and other laboratories. A preliminar} ' working model LabHEART4 shows

feasibility and utility of the proposed modeling format. This cndeavor will provide new insights

into normal physiological regulation of myocyte activity as well as providing a baseline from
which altered function induced by alterations in hemodynamic loading can be readily considered.

A fully integrated model of cardiac myocyte activity and regulation of myocyte activity

developed here will have a broad application to acute changes in the environment as occurs in

space travel and re-entry. This understanding will also have a broad significance to the
understanding the effects of altered gene and protein expression associated with long-term

changes in cardiac loading that occur during space travel and return to Earth.
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Cardiovascular Alterations

Vincent Cassone, Ph.D.

Texas A&M University

Microgravi_" and Circadian Cardiovascular Function

Project Executive Summary

This project is directed at the physiological mechanism(s) by which the mammalian circadian clock

locmed within the hypothalamic suprachiasmatic nuclei (SCN) regulates cardiovascular function
and to what extent simulated microgravity affects circadian variation in cardiovascular function.

The interaction of circadian organization and other determinative factors involved in problems

associated with microgravity and cardiovascular disease will be assessed through the comparative

study of circadian regulation of cardiovascular function in male vs. female rats.

It is known that astronauts suffer many disruptions to normal bodily processes while in space. The

most obvious of these is the redistribution of fluids in the body. This was demonstrated as early as

the Mercury era, when man first ventured into space. In the microgravi_' environment, fluids tend
to move into the chest and head, causing facial swelling and congestion. This fluid shift also

reduces circulating blood volume and plasma levels of norepinephrine as well as causing a specific

increased sensitivity of beta-adrenoreceptors. These changes occur due to a rise in blood pressure

as perceived by the carotid baroreceptors. In Earth-based studies, bed-rest with head oriented below

the feet (HDT) is believed to simulate these effects in space. HDT causes an attenuation of blood

pressure rhythmicity, causing damping out of the circadian rhythm of diastolic blood pressure.
Systolic blood pressure was not affected as greatly by HDT. However, HDT did not affect the
circadian variation in heart rate. However, studies monitoring heart rate while in flight show that

heart rate tends to increase after several days in the microgravity environment. While the circadian

period of heart rate may not change, there seems to be an increase in heart rate itself.

a) Specific Aim #1: Determination of SCN Efferents Controlling Circadian Variations of
Cardiovascular Function in Long-Term, Conscious Rats: Since it is well-known that

cardiovascular responses to pressors and stress are significantly different in anaesthetized vs

conscious preparations, we will characterize circadian variation in cardiovascular function in
conscious freely moving rats. We will then determine whether surgical blockade of SCN efferents
affects the circadian variation of heart rate, cardiac output and mean arterial pressure.

b) Specific Aim #2: Role of Circadian System on Daily and Circadian Variation in Regional
Blood Flow: We will determine daily and circadian variations in regional blood flow

measurements using gSSr-labelled microspheres in rats whose circadian phases will be monitored

independently. We will also determine whether 1) the SCN, 2) SCN efferents and 3) sympathetic
innervation are required for the expression of these rhythms.

c) Specific Aim #3: Effects of Simulated Microgravit)' on Circadian Cardiovascular

Rhythms: We will determine the effects of hind-limb unloading on the circadian variation in heart

rate. regional blood flow and other cardiovascular variables. Based upon data obtained in Specific
Aims #1 and 2. we will determine the mechanisms by which anticipated changes occur. These

experiments will provide guidelines lbr future counter-measures in space.
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d) Specific Aim #4: Effects of Gender on Circadian Changes in Cardiovascular Function and

Their role in Responses to Microgravity: Because it is well-established that female and male

astronauts experience a different set of cardiovascular responses to microgravity, we will also
determine whether we can simulate those differences in our simulated microgravitational apparatus.

If so, we will employ the information gained in Specific Aims #1 and 2 to provide guidelines for
future countermeasures.
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Richard J. Cohen, M.D., Ph.D.

Massachusetts Institute of Technology

Cardiovascular Effects of Simulated Microgravi_ in

Man

Project Executive Summary

This project is targeted towards studying and developing countermeasures to two of the
Cardiovascular Critical Risks:

(i)
(ii)

Development of post-flight orthostatic intolerance

Increased susceptibility to ventricular dysrhythmias.

The development of orthostatic intolerance is a well known adverse effect of space flight on the

cardiovascular system, and is a current operational problem for NASA. Astronauts post-flight

may' experience a drop in arterial pressure upon adopting the upright posture after flight, which

may, be sufficiently severe to cause presyncope or syncope. This effect is greater the longer the
duration of the flight, and is more pronounced in women than in men. During space flight
intravascular volume is decreased and cardiovascular reflexes are down-regulated because the

cardiovascular system is no longer subjected to the stresses associated with changes in posture.

Upon return to a gravitational environment, blood pools in the large veins of the lower

extremities and the splanchnic circulation, leading to a drop in preload to the heart leading to a
decrease in cardiac output. In addition, the reflex ability to increase heart rate and constrict

arteries and veins is diminished, and there are also changes in cardiac systolic and diastolic
function. Countermeasures of salt and water loading prior to re-entry and the use of G-suits are

not adequate countermeasures to prevent the development of orthostatic intolerance, particularly

after long duration flights. Our goal with respect to this cardiovascular risk is to better
understand the detailed mechanisms leading to orthostatic intolerance and to develop and test

mechanism based countermeasures.

There have been several anecdotal reports of documented episodes of selftermintaing ventricular

tachycardia during space flight la. In addition it has been reported that Russian cosmonauts have
suffered from ventricular arrhythmias, and two primates have suffered cardiovascular collapse

after return from space flight (without ECG documentationl. These data suggest that space flight

may' be conducive to the development of ventricular arrhythmias. However, it is not "known
whether or not this is in fact the case. If long duration space flight does increase the risk of

potentially' lethal ventricular arrhythmias then this would obviously' pose an enormous problem

for ve_, long duration flights. Our goal in this project is to determine in controlled ground based

experiments, whether there is evidence that simulated micro-gravity in fact alters cardiac

electrical activity in a manner that may increase susceptibility to ventricular arrhythmias. If we
find evidence that this is in fact the case, then we will attempt to establish mechanism and

identify' potential countermeasures.

In this project we analyze data from ground bascd human studies in which 16 day head down tilt
bed rest is used to simulate microgravit}. We will be studying the following groups in order to

examine the effects of gender and age on these cardiovascular risks.
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io

ii.

iii.

men under age 50

premenopausal women
men over age 50

In addition to the effects of bed rest we will also examine the effects of sleep deprivation

(another condition of space flight). We will also evaluate the effects of the alpha-agonist

midodrine as a countermeasure to the development of orthostatic intolerance. We may also
evaluate a countermeasure to the development of ventricular arrhythmias.

The key technologies we will utilize are Cardiovascular System Identification (CSI) as a
noninvasive means of assessing closed-loop cardiovascular regulation, and measurement of

microvolt T-wave alternans (MTWA) as a noninvasive measurement of changes in cardiac

repolarization which has been shown in clinical trials to be an accurate measure to susceptibility

to ventricular arrhythmias.

To date in this project, we have found that CSI measures of autonomically mediated

cardiovascular reflexes are diminished by bed rest, and that during bed rest there appears to be a

shift towards increasing sympathetic/parasympathetic balance. We have found that pre-bedrest

CSI measures of increased sympathetic/parasympathetic balance identity those subjects who

tolerate tilt both pre-bedrest and post-bedrest. We have put considerable effort into improving
CSI technology for use in these studies and for application in biomedical research and patient

monitoring.

We have demonstrated that the alpha-agonist midodrine appears to be an effective

countermeasure to the development of orthostatic intolerance after exposure to 16 days of

simulated microgravity.

We have found that even 16 days of bed rest tends to induce sustained MTWA although not at a
level that would be of immediate clinical concern. This evidence does indicate that bed rest does

measurably alter cardiac repolarization processes, and raises the issue of whether long term

exposure to microgravity could increase susccptibility to ventricular arrhythmias. We have also
recently conducted a clinical stud}; that demonstrates that MTWA is an accurate predictor of

susceptibility to ventricular arrhythmias and sudden cardiac death in patients with heart failure

and no prior histoD' of sustained ventricular arrhythmias.

We plan to continue our ground based studies in the above identified patient groups, and evaluate

the effects of sleep deprivation and midodrine countermeasures. We may also test a proposed

countermeasure to the development of ventricular arrhythmias pending future results from these
studies. In addition, we have submitted a flight proposal to measure CSI and MTWA pre and

post flight, and to evaluate the midodrine countermeasure during flight conditions.

We plan to develop further the CSI and MTWA technologies tbr use on earth for biomedical

research and clinical applications.
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Richard J. Cohen, M.D., Ph.D.

Massachusetts Institute of Technology

Effects of Space Flight on Cardiovascular Stabili_

Project Executive Summary

Many astronauts after being weightless in space become hypotensive and presyncopal upon

assuming an upright position. This phenomenon, known as orthostatic intolerance, may interfere
with astronaut function during reentry and following space flight, and may limit the ability of an

astronaut to exit a landed spacecraft unaided during an emergency. Orthostatic intolerance is

more pronounced following long-term space flight and is a major concern with respect to the
extended flights expected aboard the International Space Station and for interplanetary

exploration class missions, such as a human mission to Mars. This problem has also been

observed to be more pronounced among women than among men. In addition to the problem of

post-flight orthostatic intolerance, a variety of heart rhythm disturbances have been observed in

astronauts during and after space flight. The potential lethal arrhythmic risk for astronauts is

sustained ventricular tachycardia or ventricular fibrillation, while non-sustained ventricular

tachycardia could cause syncope.

In previous ground based bed rest studies sponsored by NSBRI we have applied two new

techniques that we have developed to study the effects of simulated microgravity on the

cardiovascular system. Cardiovascular system identification (CSI) has been used a non-invasive

means of measuring alterations in closed-loop cardiovascular regulation and the measurement of
microvolt level T wave alternans (TWA) has been used as a non-invasive measure of

susceptibility to ventricular arrhythmias. We have also successfully tested the alpha-I

sympathetic agonist midodrine as a countermeasure to the development of orthostatic
intolerance. We have found that 16 days of bed rest results in altered cardiovascular regulation.

In particular, we have demonstrated alterations in baroreceptor sensitivity, altered electrical

stability of the heart, and that midodrine is an effective countermeasure to the development of
orthostatic intolerance.

In this proposal we plan to apply the same measurement techniques of CSI and TWA to
astronauts pre- and post-flight and to test midodrine as a countermeasure to the development of

orthostatic intolerance. This study will allow us to determine if tile changes in cardiovascular

regulation and cardiac electrical stability measured in a ground-based model also occur during
actual space flight. In addition we will test for the first time a potentially highly effective

countermeasure for the development of post-flight orthostatic intolerance.
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James E. Coolahan, Ph.D.

Johns Hopkins University Applied Physics Laboratory

Distributed Simulation of Integrated Human Function

Project Executive Summary

The project Distributed Simulation of Integrated Human Function is being undertaken as a part

of the National Space Biomedical Research Institute (NSBRI) integrated Human Function (IHF)

team by the Johns Hopkins University (JHU), under the leadership of the Applied Physics

Laboratory (APL) in collaboration with the Whitaker Biomedical Engineering Institute and the

Center for Computational Medicine and Biology.

A. Review of Specific Aims
The four specific aims of the three-year project, taken from the project proposal, are as follows:

1. To develop, at JHU, an experimentally-based computational model of the human

ventricular myocyte using cells isolated from tissue biopsies performed in patients; and to

develop a finite-element model of the geometry and fiber structure of the human heart

using diffusion-tensor imaging data to be collected at JHU, fit by a finite-element model

to be developed at the University of California. San Diego (UCSD).
2. To develop a distributed simulation of human cardiac function, incorporating a

simulation of the human cardiac ventricular cell resident at JHU based on the model

discussed above and a simulation of coupled cardiac mechanical and electrical function
resident at UCSD, with distributed simulation control based at JHU/APL:

3. Working with the NSBRI IHF team, to select other appropriate cardiovascular system
models that can be represented over time using simulations, and integrate them into a
distributed simulation of cardiovascular function: and

4. Again working with the NSBRI IHF team, to select bone and muscle models that can be

represented over time using simulations, and integrate them into a multi-function

distributed simulation representative of the full ltlF simulations that will be needed for

long-duration space flight.

B. Key Project Findings in the First Year

In the first year, we have made progress on the first three specific aims On specific aim l, in the
Winslow laboratory at JHU, models of three membrane currents fbund in human ventricular

myocytes (the transient outward current Itol, the rapidly-activating outward rectifier current Ikr,
and the fast inward Na current) have been formulated based on electrophysiological data from

cultured ceils, and a model of IKi has been formulated based on data from the literature. We

expect to complete a first-order model of the human ventricular myocyte by early Spring, 2002.

We have also made substantial progress in developing image-based models of the canine heart.

including development of a 3-D fast spin-echo diffusion imaging pulse protocol that has resulted

in very substantial improvements in image signal-to-noise ratio, and are obtaining 3-D diffusion

images of the canine heart at approximately 900 x 400 x 400 um resolution. We have also

implemented a method for fitting finite-element models specified in prolate-spheroidal

coordinates to 3-D canine heart diffusion image data on heart surfaces and fiber orientation

throughout the ventricles, as well as methods for simulating conduction in 3-D models of the
heart based on these finite-element models, and have generated an initial heart database

containing reconstructions and models of six canine hearts. All of the techniques are in place to

undertake imaging, reconstruction and modeling of the human heart, and we have obtained
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diffusion images of short-axis human heart sections. However, we have not yet been able to

obtain freshly isolated human hearts from the JHU Pathology Department.

On specific aim 2, we have progressed along two fronts in constructing distributed simulations of
cardiac function. First, as an early demonstration of the interoperable simulation capability, we

constructed simplified models of cardiac electrical and mechanical activity and then integrated
them into a two-computer cardiac simulation at JHU/APL using the High Level Architecture

(HLA), a framework for distributed simulations developed in the Department of Defense (DoD),
and now an Institute for Electrical and Electronics Engineers (IEEE) standard. The distributed

simulation so constructed yielded realistic (simulated) electrocardiograms and left ventricular and

systemic arterial pressure tracings with blood pressures of roughly 120/85.

Secondly, on the effort to achieve a distributed high-fidelity simulation of cardiac function via

interoperation of the JHU electrical activation model and the UCSD mechanical deformation
model (Continuity), we have completed most initialization and configuration steps. The JHU
simulation software is installed on the IBM SP3 supercomputer at JHU. In collaboration with the

NSBRI IHF team project led by Dr. Andrew McCulloch at UCSD, we have also performed three
remote executions, from JHU/APL, of the mechanical simulation for a canine left ventricle on a

UCSD Silicon Graphics, Inc. (SGI) platform, with visualization functions performed at
JHU/APL. The near-term approach for this interoperability eflbrt is to demonstrate a scripted

automated integrated execution of one beat of a canine left ventricle model.

On specific aim 3, we have made significant progress in developing a distributed simulation of
cardiovascular function. We have initiated a collaboration with members of Dr. Roger Mark's

group (NSBRI Cardiovascular Alterations team) at the Massachusetts Institute of Technology

(MIT). and have integrated the following two simulations using the HLA framework:
1. a medium-fidelity electrical-mechanical simulation of the left and right ventricles, called

the Hybrid Cellular Automata (HCA) heart simulation, based on the ventricular model

developed by A. B. Feldman, Y. B. Chernyak, and R. J. Cohen: and
2. a new' cardiovascular system simulation, the Research Cardiovascular Simulator

(RCVSIM), developed at MIT by R. Mukkamala. which is based on the earlier CVSIM
cardiovascular simulator.

We have called the new HLA-based federated simulation the Cardiovascular - Ventricular

System (CVVS) federation, which is targeted toward the cardiovascular alterations risk area in
the NASA Bioastronautics Critical Path Roadmap. The simulation allows for the analysis of the

static and dynamical responses of important cardiovascular variables (heart rate, blood pressure,

etc.) following hypothetical perturbations of the system's parameters, such as alterations in
cardiac electro-mechanical function or cardiac arrhythmias.

The CVVS federation was developed using the HLA Federation Development and Execution

Process (FEDEP). The individual simulations were made compatible with the HLA by coding

"wrappers" that allowed them to communicate via the I-ILA's Runtime Infrastructure (RTI). The
federation was executed at JHU/APL over a local area net_ork utilizing three personal

computers (each with a different operating system), with the lcft ventricle simulation, the right
ventricle simulation, and RCVSIM executing on separate computers. (For the purposes of these

analyses, the coupling between the electrical and mechanical activity of the left and right

ventricles was accomplished through simple execution rules.) The federation permitted 500 ms
of simulated time to be executed in 234 seconds of wall clock time. in a configuration used to

simulate a ventricular arrhythmia. The simulation produced representative cardiovascular system

responses to the arrhythmia (although the simulation is not vet validated by clinical data).
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C. Impact of Findings on Hypothesis, Objectives, and Specific Aims

The findings of the project during the first award year supported the hypothesis that interoperable
simulations of human physiological functions applicable to the space flight environment,

executing interactively, can produce integrated results that cannot be produced by these

simulations executing independently. Specifically, the execution of the combined cardiac-
cardiovascular simulation that we have called the CVVS federation was able to show reasonable

cardiovascular system responses to induced ventricular arrhythmias.

This result also was a first step toward the long-term objective to demonstrate the ability to

simulate integrated human function over time by providing a technical framework to permit

simulations of different human physiological functions, executing in separate locations, to

interact to produce synergistic results. Although the federation was executed over a local area

network, the HLA provides for fully distributed operation. There are, however, network security

issues in using a non-dedicated wide area network, which we will address in the second year.

Progress made in the first year described above supports three of the four stated specific aims-of

the project. We plan to continue work in the second year toward achieving all four original aims.

D. Proposed Research Plan for the Second Year
In the second award year of the project, we plan to continue work in the Winslow laboratory on

the development of the human ventricular myocyte model, and hope to have a first-order model

by the Spring of 2002. We will continue working with the JHU Pathology Department to obtain

freshly isolated human hearts so that we can undertake imaging, reconstruction and modeling, in

order to produce the human heart geometry needed for the full human heart model.

To demonstrate the ability to connect the high-fidelity JHU electrical activation simulation with
the UCSD mechanical deformation simulation, we plan to execute early in the year a one-beat

scripted run using a canine left ventricle model, utilizing the IBM SP3 computer at JHU to

generate intracellular calcium concentrations and transmit them to an SGI Origin 2100 at UCSD.

The interoperability approach provided by the HLA is not required for these scripted runs, and

may not be the approach of choice for long run times with minimal interactions. Execution of
the human heart simulation must await the completion of the human individual component

models, and also the porting of the newer Continuity software to the IBM Blue Horizon

supercomputer at SDSC under Dr. McCulloch's separate project.

We plan to extend the CVVS federation across three different fronts. First of all, we intend to
demonstrate a distributed execution of the federation between JHU/APL and MIT, which will

require resolution of network security issues. Secondly, we intend to initiate a second
collaborative effort with Dr. Mark's group at MIT to explore joint development of a model of the

renin-angiotensin-aldosterone system based on data obtained from the bed-rest studies being

conducted by G. Williams (NSBRI Investigator) in Boston. This model will allow us to

incorporate regulation of blood volume into the CVVS federation and will help facilitate analyses
of effects related to longer-time-scale cardiovascular adaptations to microgravity. Thirdly'. we
intend to extend the CVVS federation to include, as a minimum, a simulation of human muscle

via collaboration with Dr. Kushmerick's group (NSBRI IHF team). A promising application area
is construction of a simulation federation to simulate exercise protocols, an idea currently being

discussed among all projects of the NSBRI IHF team.
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Michael D. Deip, Ph.D.

Texas A&M UniversiW

Circulatory Remodeling with Simulated Microgravity

Project Executive Summary

The human body is exquisitely adapted for maintaining an upright posture on Earth. However,

when the force of gravity is removed during space flight, there is a cephalic fluid shift and an
elimination of the head-to-foot hydrostatic pressure. This change in the fluid pressure

distribution has been hypothesized to trigger adaptations within the cardiovascular system that

are subsequently rendered inappropriate upon return to the Earth's gravitational environment.
One of the most profound consequences of microgravity on the cardiovascular system is

orthostatic intolerance. It is now becoming increasingly evident that the etiology of post-flight

orthostatic intolerance is multifactorial, resulting from such factors as hypovolemia and altered

regulation of the peripheral vasculature. According to Watenpaugh and Hargens (Handbook of
Physiology, 1996) the primary cardiovascular adaptations that contribute to orthostatic
intolerance involve the arterial, venous and lymphatic portions of the circulatory system. In order

to study these phenomena on Earth, the hindlimb-unloaded (HU) rat has been used to simulate
the effects of microgravity. This model induces the cephalic fluid shifts, and these animals

manifest many of the adaptations that are characteristic of exposure to microgravity, such as

hypovolemia, a diminished capacity to elevate peripheral vascular resistance, and orthostatic

hypotension. In addition, previous work with conduit and resistance arteries indicates that
hindlimb unloading alters both function and structure of the arterial circulation. Therefore, using

this animal model, the general aim of this proposal is to determine the effects of simulated-

microgravity on 1) the molecular mechanisms mediating structural remodeling of the arterial
resistance vasculature, and 2) the functional ability of the lymphatics to generate and modulate

lymph flow. More specifically, we propose to: identi_' early regulator)' events leading to
hypertrophic remodeling of cerebral arteries in response to hindlimb unloading (Aim 1),

characterize signaling events leading to atrophy of resistance arteries in the soleus and

gastrocnemius muscle in response to hindlimb unloading (Aim 2): and evaluate the effects of

hind limb unloading on the ability of the lymphatics from different regions of the body to

generate and modulate lymph flow. and thus, regulate overall body fluid homeostasis (Aim 3).
Furthermore, we propose to determine the effectiveness of a lower-body negative pressure

countermeasure to attenuate adaptations of the arterial and lymphatic circulation (Aim 4). These

studies will provide new and important functional and mechanistic information about the

etiology of microgravity-induced orthostatic intolerance.
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Beverly H. Lorell, M.D.
Harvard - Beth Israel Deaconess Medical Center

Cardiac Unloading: Biologic Mechanisms and

Countermeasures for Cardiac Atrophy

Project Executive Summary

The objective is to determine the cellular and molecular mechanisms of cardiac atrophy caused

by microgravity (already demonstrated in space-flown rats and long-duration space flight in
humans), determine the functional consequences on cardiac contractile reserve, and identify'

specific countermeasures. We will study a rodent model of cardiac unloading (heterotopic

transplantation of the heart to the abdomen). Work in the current grant period showed that this

model affords .assessment of progressive degrees and duration of unloading as a test-bed for

genes, gene products, and human-applicable hormonal interventions with the potential to protect

against atrophy. Functional consequences of cardiac unloading and countermeasures will be

studied by echocardiography and hemodynamic measurements, anah, sis of isolated myocyte
contraction and intracellular ions using fluorescence microscopy, and microscopy' of cell

morphology. Activity of key, endogenous growth regulators will be monitored by, measurements

of gene expression and immunohistochemical localization. We will address four Specific Aims:
(1) Are ventricular myocyte contractile function and intracellular ion regulation (Ca "+ and Na+/H +

exchange) modified in cardiac unloading and atrophy? (2) Does cardiac unloading stimulate

myocyte cell death (apoptosis), in addition to the remodeling of cardiac geometry and muscle cell
size? (3) Do hormonal and genetic countermeasures with direct trophic effects on muscle cell

growth and contractility effectively blunt atrophy of the unloaded heart in vivo, or block the
functional impairments? (4) High-throughput profiling of" gene expression (by microarray studies

and subtractive hybridization) will be done to identify changes in gene expression, which are

unique to cardiac unloading. These studies of integrated cardiac physiology and molecular

biology are an outgrowth of work in the current grant period that confirmed our hypothesis that
the remodeling of the heart upon cardiac unloading in vivo is associated with reinduction of the

fetal-hypertrophic cardiac gene program. In this project, countermeasures will focus on a-1-

adrenergic pharmacological interventions. The rationale is that this approach has synergy with
eflbrts elsewhere in the Cardiovascular Alterations Team. using the a-l-adrenergic pathway for
treatment of orthostatic intolerance in humans. In addition, we have established that the pathway

of RNA polymerase I1 signaling, which regulates the transcription machinery of the cell, is

engaged by a-l-adrenergic signaling, a canonical trigger to increase cardiac mass. These studies
will elucidate molecular and physiologic mechanisms of cardiac unloading which will lead to

specific hypotheses and countermeasures which have the potential to be rapidly tested in the near

future in human space flight missions.
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Roger G. Mark, M.D., Ph.D.

Massachusetts Institute of Technology

Computational Models of the Cardiovascular System

and its Response to Microgravity and Disease

Project Executive Summary

One of the highest priority problems in the current manned space program is orthostatic

intolerance experienced by astronauts upon their return to the normal gravitational environment.

This problem has been well known since the earliest days of manned spaceflight, and has been
intensely investigated in in-flight studies and in many land-based simulation (bed-rest) studies. A
number of countermeasures have been proposed and evaluated, but no effective and practical

countermeasure has been developed to date. The number of hypotheses still under consideration

and the lack of a single unifying theory' of the pathophysiology of orthostatic intolerance testify to

the difficulty of the problem.

Computational models of the cardiovascular system can help in this situation in that they provide
a rational framework that quantitatively defines interactions among complex cardiovascular

parameters and supports the clinical interpretation of experimental results and testing of
hypotheses. Models also permit predictions of the impact of specific countermeasures in the

context of various hypothetical cardiovascular abnormalities induced by microgravity.

These same models may also play a useful role in clinical medicine, for example, by improving

the organization and interpretation of muitiparameter physiologic data in intensive care units, and

the tracking of a patient's status over time. The model being developed in this research, although
aimed primarily at the operational problem of microgravity-induced orthostatic intolerance,

therefore has important potential clinical applications.

This project will develop a general, modular model of the cardiovascular system that contains the
essential features associated with the effects of gravity, and will use this model to examine the

short-term hemodynamic response of the cardiovascular system to abrupt orthostatic transitions.
The model will facilitate the understanding of the physiology and treatment (prevention) of OI in

post-flight astronauts. We will extend the progress already made over the past 2.5 years, with the

following specific aims:
• Enhance the current version of our cardiovascular simulation to better represent the short-

term effects of abrupt orthostatic stress.

• Verify the model and use it to investigate and evaluate various hypotheses for O1, and to

predict the effects of countermeasures. This objective will require extensive collection

and archiving of experimental data from collaborators.

• Complete, document, and disseminate to other investigators a form of the model

implemented in JAVA.
• Apply the cardiovascular model to the clinical problem of intelligent patient monitoring

both in the context of intensive care and in tracking chronic cardiovascular disease.
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Major progress has been made during the first 12 months of the program:
• We have performed extensive sensitivity analyses of the model that allow us to rank order

the model parameters according to the impact they have on the transient heart rate

response to orthostatic stress. The sensitivity analyses allow us to improve the

computational efficiency of the parameter estimation algorithm.

• We have developed and implemented techniques that allow for automated matching of

simulation output to given experimental data.
• We have enhanced the design of the simulator by extending the cardiac model to include

atria. Addition of atria may improve the model's ability to track experimental stroke

volume data at high heart rates.

• We have gathered, formatted, and archived in standardized form tilt and stand test data
from the NSBRI bed rest studies and astronaut tilt and stand test data from the

cardiovascular lab at Johnson Space Center. This data will be used for model verification

and testing of hypotheses of orthostatic intolerance.
• In conjunction with the Beth Israel Deaconess Medical Center, Boston, and Philips

Medical Systems (formerly Agilent Technologies) we have begun collecting large

amounts of clinical (e.g., fluid input/output and medications) and physiologic (e.g.,

arterial blood pressure, ECG, central venous pressure) data from patients in intensive care

units (ICUs). This database will form the core of a research resource to support the

development and evaluation of model-based clinical decision support systems for lCU

patients.

Model verification was performed by comparing the simulation output under baseline conditions
and at different levels of orthostatic stress to sets of population-averaged hemodynamic data

reported in the literature. The model is capable of simulating the transient response to sudden
orthostatic stress as well as the steady state hemodynamic response over a wide range of

orthostatic stress levels in head-up tilt (HUT) and lower body negative pressure (LBNP).

The sensitivity analyses allow us to identi_' the parameters of the model that contribute

significantly to the transient heart rate response to HUT and to subsequently use this information
to fit simulations to surrogate data and single-subject heart rate recordings. We will shortly apply

the estimation algorithm to the astronaut data obtained from Johnson Space Center, Houston.

In developing an integrated approach to intelligent patient monitoring, we have started collecting

large amounts of clinical and physiologic data from intensive care unit patients. Initial work in
this area focused on patient de-identification, time-alignment and fusion of clinical and

physiologic data, and the development of a web interface for efficient searching and indexing of
the resultant database.

The research presented in this progress report is well within the time flame set forth in the

original proposal and the progress made so far does not necessitate any changes to the specific

aims of the proposal or the strategy with which the research is pursued.

We intend to pursue the following goals during year 2 of the funding period:

• Refine the estimation routine and start applying the algorithm to astronaut data

obtained from Johnson Space Center.
• Continue to enhance the cardiovascular model by assessing the importance of

vasoactive hormonal loops and adding them to the model if necessary.



Continueto gatherdata from collaborators,convert the dataobtainedinto standard
format, archive the data on our central server,and incorporatethe data into our
analysisof thetransienthemodynamicresponseto stand/tiltandLBNP.
Continueto acquireclinical andphysiologicdatafrom patientsin intensivecareunits.
Develop model-basedmethods to detect and interpret clinically significant
hemodynamicevents in the multiparametertime series of physiologic signals.
Developtools for statisticalanalyses(dataclusteringtechniques)andvisualizationof
ICU datato helptrackthestateof thecardiovascularsystemof patients.
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Andrew D. McCulioch, Ph.D.

University of California, San Diego

Integrated Modeling of Cardiac Mechanical and

Electrical Function

Project Executive Summary

AlMS

Aim 1: To apply our existing techniques for modeling three-dimensional cardiac mechanics and

action potential propagation to develop anatomically detailed three-dimensional dynamic finite

element models of regional cardiac electromechanics.

Aim 2: To bridge models and data on cardiac metabolism and cellular dynamics with systems

models of coronary, flow, central hemodynamics, and cardiovascular regulation.

Aim 3: To develop tools for using available wall motion data from medical imaging in man to
validate the mechanoenergetic models and identify, myocardial constitutive properties.

Aim 4: To apply new models of geometric and constitutive remodeling in response to chronically

altered external loading conditions to develop simulations of long-term cardiac adaptation to

microgravity.

Aim 5: To implement the models using modular object-oriented software engineering techniques

that allow the models to be readily integrated with others through standard broker architectures

for software interoperability.

Aim 6: To collaborate with other prospective projects in the Integrated Human Function Core.

KEY FINDINGS/PROGRESS

Significant progress has been made coupling cardiac electromechanical models. One new paper
has been published describing a new model in which the sequence of cardiac contraction and
relaxation is altered in an anatomically detailed three-dimensional model of the left and right

ventricles that also includes a model of the Purkinje fiber network anatomy (Usyk TP, LeGrice

IJ, McCulloch AD. Computational model of three-dimensional cardiac electromechanics.

Comput Visual Sci 2002;4(4):249-257). In subsequent work. the model has been validated

against experimental electromechanical maps during normal and ventricular paced beats showing
excellent agreement with experimental data.

We have also developed and published one model that couples high energy phosphate fluxes

with calcium and magnesium fluxes in the cardiac muscle cell (Michailova A, McCulloch AD.

Modeling Ca2+ transients and Ca 2. and Mg > exchange with ATP and ADP during excitation-

contraction coupling in ventricular myocytes. Biophys J 2001:81(2):614-629). In this model,
ATP and ADP concentrations affected myocyte electrophysiology both through their activity as

mobile buffers of calcium and magnesium and through their regulation of key ion pumps in the

cell. We are presently extending this model to include a simple model of lactic acid and proton

balance as a basis for pH regulation of key currents and transporters.



Model-basedmethodshavebeendevelopedto analyzemagneticresonanceimaging(MRI) data
on cardiacwall motion.MRI "tagging" studiesin pacedcanineheartshasbeenusedto validate
theresultsof the integratedelectromechanicalmodeldevelopedin Aim 1.

As a result of the recent NSBRI Exercise workshop in Seattle, models of cardiac
electromechanicsduring exercisewill focuson the effectsof heart rate,adrenergicstimulation
and acidosis.We have developeda preliminarymodel of adrenergicsignaling in the cardiac
myocytethat couplesto electrophysiologyby simulatingthe effectsof [3 adrenergic receptor
stimulation on calcium current via phosphorylation of the L-type channel by protein kinase A.

A new object-oriented modular version of ContinuiO, was recently released that has a modular

client-server design, very high-level scripting language, a graphical user interface and new three-
dimensional viewer.

We have engaged in productive collaborative activities with other members of the Integrated
Human Function Core and begun discussions with the Cardiovascular Alterations Team.

IMPACT

These findings of the three-dimensional electromechanical model validate the original premise of

the proposal that an integrated cardiac three-dimensional electromechanical model is both
computational feasible and physiologically predictive. This is a fundamental advance that paves

the way for the other objectives and applications. By including ATP, ADP. H* and Pi in the
cellular models of cardiac excitation-contraction coupling, we will be in a position to simulate

the physiological effects of metabolic inhibition or acidosis during stress. The new model of beta
adrenergic signaling is allowing us to starting linking cell signaling mechanisms activated during
exercise to altered cardiac electrical and mechanical responses.

The new software, Continuity 6.0 provides a problem solving environment for integrative

modeling that is general enough for both structurally integrated models that couple from single

cell to organ system scales and functionally integrated models that couple electrophysiology.
mechanics, metabolism and regulatory processes. The methods arc generic and thus applicable to

other systems such as soft tissues and muscle.

PROPOSED RESEARCH
We will extend the electromechanical models to include more detailed cellular biophysical

models of cardiac excitation and contraction whose parameters therefore have greater

physiological meaning thus making the models more inherently predictive. These cellular models
are developed by our group and the group of Dr. Bers including new models of ionic currents,

excitation-contraction coupling, myofilament activation and crossbridge interactions. Since these
new models are more detailed and computationally complex, we will also implement more

computationally efficient algorithms to solve them. We will also extend the current cellular
models model to include the pH regulation of intracellular calcium handling and the regulation of

cardiac electrophysiology and contraction by beta adrenergic stimulation via specific actions of

protein kinase A. These developments are specifically motivated by the physiological effects of
exercise. The next major release of Continuity will include improved facilities for composing and

integrating cellular models and for the efficient parallel solution of large-scale whole organ
models. Synergistic collaborations with other NSBRI prqjects will be continued and expanded.
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Mechanisms of Post-Space Flight Orthostatic

Intolerance

Project Executive Summary

There is still a significant number of astronauts at Johnson Space Center who suffer from post-

flight orthostatic hypotension and presyncope. The mandatory use of fluid loading with salt
tablets and water, anti-gravity suits, and the liquid cooling garment has not eliminated the

problem. A growing body of evidence suggests that there are major physiological systems that
become dysfunctional as a result of space flight. The degree of dysfunction varies from minimal

to severe. Several studies have provided evidence that autonomic function is impaired during

and after space flight. Additional factors such as local factors, could also be involved. An area
that has not been studied in humans is the effects of space flight on nitric oxide physiology and

its modulation of blood pressure. The study proposed in this application will continue the pursuit

of mechanisms of autonomic dysfunction in presyncopal astronauts. In addition, it will begin to

elucidate changes in nitric oxide production and the resulting effects on the cardiovascular

system. This study will not have in-flight measurements. All procedures will be performed
before launch, on landing day and three days after landing. The study has two specific aims: 1)

to compare pre-flight to post-flight changes in responses of veins to adrenergic agonists between

presyncopal and nonpresyncopal astronauts: 2) to compare pre-flight to post-flight changes in
nitric oxide levels, inducible nitric oxide synthase messenger RNA and protein, cell adhesion

molecules associated with endothelial activation, responses to acetylcholine with and without

nitric oxide synthase inhibition, and reactive hyperemia responses in the brachial artery, the arm

and the popliteal artery in the leg, between presyncopal and nonpresyncopal astronauts.
Presyncopal and nonpresyncopal astronauts will be defined by their ability to complete a 10-

minute upright tilt test on landing day.
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A Soluble Guanylyl Cyclase Mouse Knock-Out Model

Project Executive Summary

Original aims of the project:
1. To resolve the genomic structure and identify promoter regions of the c_i and _31subunit genes

of soluble guanylyl cyclase (sGC).
2. To initiate the development of a conditional mouse knockout model of soluble guanylyl

cyclase utilizing the information obtained in specific aim 1.
3. To initiate .studies of transcriptional regulation of sGC genes utilizing the information

obtained in specific aim l.

The key findings of the project:
During the year of research funded by the seed money from NSBRI. progress was made in the

cloning ofmurine c_l sGC eDNA: resolving the genomic structures for the oci and [31 murine sGC

genes: subcloning and initial characterization of their promoter regions, and their chromosomal
localization. The resulting research accomplishments were published in PNAS paper (see

Appendix B). Utilizing the information on the genomic structure of the [31 murine sGC gene, the
Lox-[31 sGC targeted vector was generated (see Appendix A). Employing methods established

during these studies and data available through NCBI Human Genome Project, the human

genomic organization for sGC genes was determined, and characterization of transcriptional
regulation of human sGC genes was initiated (see Appendix A).

The impact of the findings:
Despite the thct that sGC was discovered 20 years ago and extensively biochemicalh'

characterized ve_' little is known about the regulation of sGC gene expression. Genomic

organization of mammalian sGC genes was not rcsoh'ed. Also, no promoter region for any of the

mammalian sGC genes have been isolated or described. Characterizing mammalian sGC

genomic organization and the isolation of routine and human sGC promoter regions
accomplished by our laborato_ will improve understanding of the physiological events

connected with regulation of sGC activity on the genomic level. Resoh'ing genomic organization

for murine genes provided necessary information and material for developing sGC gene-targeted
mouse model. Developing sGC knockout model represents the unique opportunity to study the

effects of sGC-cGMP signaling on the level of one gene. Presently, these studies are hampered

by lack of selective pharmacological inhibitors, existence of multiple sGC isoforms and inability

in most of physiological experiments to clearly separate NO-sGC-cGMP-dependent and directly
NO-mediated regulator' pathways. In subsequent research, the null sGC mice will be utilized to
examine the role of NO-cGMP signaling in cardiovascular alteration associated with

microgravity.

Emerging data in the literature indicate that regulation of sGC transcription could be an

important mechanism in the modulation of its activit). However, mechanisms of transcription

can not be proven and described in detail without promoter characterization and direct

experiments involving regulator DNA regions tbr sGC genes. We isolated the promoter regions
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of the humanal and [31 subunit genes of sGC and demonstrated the capacity of the isolated

fragments to drive the transcription. We initiated studies on the mechanisms involved in

transcriptional regulation of sGC expression and identified a cell model where we can reproduce

modulating the transcriptional activity by different agents for putative promoter fragments of _

and [3, sGC genes. A more precise understanding of the molecular events involved in modulation

of sGC expression could have profound pathophysiological significance and could potentially

help to develop novel therapeutic strategies minimizing negative side effects.

Research plan for the coming year:

To understand the sGC-cGMP regulatory pathway in cardiovascular function we will obtain an

animal model with myocardium-specific and smooth muscle-specific disruption of sGC gene

expression.

In order to achieve this goal:

a. [3j sGC lox knockout mice will be generated utilizing the [31 murine sGC gene Lox-[31 sGC

targeted vector created in our laboratory previous year:
b. _31sGC-lox mice will be bred with c_MyHC-Cre mice containing a myocardium specific

Cre-recombinase, to generate myocardium specific [31-sGC-Cre/Iox knockout mice and [SM-

CreER(T2)(ki)] containing smooth muscle-specific Cre recombinase to generate smooth

muscle-specific [31-sGC-Cre/lox knockout mice.

Hemodynamic consequences resulting in the elimination of sGC activity in the cardiovascular

system of knockout mice versus wild type will be assessed by performing following studies:

a. Embryonic development of the heart in knockout mice will be analyzed and compared to

heart development in wild-type mice.
. b. Postnatal development of the heart in knockout mice will also be analyzed.

c. General characterization of knockout vs wild type, including daily to recording of the

general appearance, body' weight, temperature, ECG. arterial blood pressure and heart rate and

cardiac Doppler measurements.
Obtained knockout animals will be used subsequently to determine the role of sGC pathway

deficiency in the development of orthostatic intolerance that occurs during re-adaptation to

gravity. The established tail-suspended rodent model to simulate microgravity conditions will be

used to study' the effects of microgravity on cardiac function of knockout and wild type mice.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Cardiovascular Alterations

Chester A. Ray, Ph.D.

Pennsylvania State University

Effect of Simulated Microgravi_ on the

Vestibulosympathetic Reflex in Humans

Project Executive Summary

Despite the long recognized problem of post-space-flight orthostatic intolerance (OI), the

physiological mechanism(s) responsible for this condition remains unresolved. Impaired

sympathetic activation is a possible factor for post-sPace flight OI. One possible mechanism that

may be responsible for impaired sympathetic nerve activity after space flight is the

vestibulosympathetic reflex. Microgravity has been demonstrated to elicit marked morphological
and physiological changes to the vestibular system. Despite this information, no studies to date

have examined if the vestibulosympathetic reflex is altered after space flight or its ground-based

model for studying autonomic and cardiovascular function, head-down tilt bed rest. The specific

aims and hypotheses of this research project are: 1) To determine muscle sympathetic nerve

activity (MSNA) responses to head-down neck flexion (HDNF) before and after 1 and 7 days of
6 ° head-down tilt bed rest (HDBR). HDNF has been used in our laborato_' to activate the

vestibular system (i.e., otolith organs) in humans and has been shown to increase MSNA. We

hypothesize that MSNA responses to HDNF will be attenuated after HDBR and that the
attenuation of MSNA will increase as a function of HDBR duration. If this hypothesis is true,

this would be the first evidence that the vestibular system may participate in regulating MSNA

after HDBR and possibly space flight; and 2) To determine MSNA responses to HDNF during
lower-body negative pressure before and after HDBR. We have Shown that MSNA is augmented

by HDNF during lower-body negative pressure. Thus in healthy adults, the vestibulosympathetic

reflex can help defend against orthostatic challenges by increasing MSNA. We hypothesize that
the increase in MSNA by HDNF during lower-body negative pressure will be attenuated after
HDBR. Therefore, after HDBR the vestibulosympathetic reflex will be impaired and will not be

able to help defend against an orthostatic challenge by increasing MSNA. This finding would

give credence to the concept that alterations in the vestibulosympathetic reflex may participate

importantly in post-space flight OI. These findings should have important implications in
understanding the cause of OI following space flight. Moreover, these studies should provide a

solid rationale for developing countermeasures involving stimulation of the vestibular system

during space flights in order to minimize post-space-flight OI.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Cardiovascular Alterations

Artin A. Shoukas, Ph.D.

Johns Hopkins University. School of Medicine

Mechanics of Cardiovascular Deconditioning

Project Executive Summary

Changes in cardiac output result from the altered, myocardial contractility or through changes in
venous filling pressure via the Frank Starling mechanism. Our laboratory has previously shown

the importance of veno regulation by the carotid sinus baroreceptor reflex system on overall

circulatory homeostasis, and in particular the regulation of cardiac output. Decreases in SV

responses to an orthostatic challenge are the seminal patho-physiologic observation after space
flight. In addition there is evidence that there is a significant degree of cardiac hypertrophy after

long during space flight. The exact effects of the hypertrophy on ventricular performance is

clearly unknown and could significant contribute to the ortho static intolerance after long term

space flight. Our proposal aims to test our hypothesis that alterations in venous capacitance

function by the carotid sinus baroreceptor reflex system is an important determinant of the

cardiac output response seen in astronauts alter returning to earth from long term exposure to

micro gravity. In addition the physiological effects of cardiac hypertrophy on orothostatic
intolerance will be determined. We will use the hind limb unweighted rat model to simulate the

patho-physiological effects as they relate " to cardiovascular deconditioning in micro-gravity. To
determine mechanisms of impaired stroke volume responses integrated cardiovascular function

(in vivo) and contractile reserve will be tested using miniaturized conductance micro-manometry
catheters. The role of cardiac atrophy in cardiovascular deconditioning will be tested using

magnetic resonance imaging to noninvasively measure cardiac mass. Since venous capacitance
function and arterial resistance determine ventricular preload and after load respectively,

mechanisms of impaired contractile responses in both arterial, venous, and pulmona_' vascular
beds will be studied. Molecular mechanisms of endothelial dependent (eg. nitric oxide), and

independent (Ca 2. homeostasis and vascular smooth muscle mvofilament Ca 2+ sensitivity)

vascular hypo responsiveness to sympathetic stimulation will be studied, using vascular

contractility bioassays (in vitro), pressure-dimension analysis both (in vivo and in vitro ), and
intracellular Ca 2+ measurement (fluorescence spectrophotometry). We plan to test novel,

countermeasures based on mechanisms that impair both cardiac output responses and vascular

hypo responsiveness in our rat model. These studies will provide important new data concerning

normal capacitance vessel function in compensating for postural blood volume redistribution, test

our novel hypothesis regarding the pathogenesis of orthostatic intolerance following

micro-gravity exposure, and provide insights into potential countermeasures and therapies to

prevent problematic postura[ hypotension on reentry. Our laborato_' currently performs
experiments from chronic instrumented animals to the cellular and molecular mechanisms

involved in cardiovascular regulation and control.

KEY FINDINGS and SUMMARY OF PROGRESS

1. We have demonstrated impaired CO responses to an orthostatic challenge in rats

following HLU which recovers in -60hrs.
2. We have demonstrated that after HLU, unstressed venous vascular volume is increased

following HLU and can no longer decrease in response to sympathetic stimulation. This

39



supports our primary hypothesis and may underlie the mechanisms leading to an

exaggerated fall in stroke volume seen in astronauts.

3. Using cardiopulmonary bypass studies in which cardiac output is fixed, we have
demonstrated that venous an total circulatory capacitance is increased following HLU.

4. We have demonstrated impaired alpha-l-AR and non-alpha mediated responses in large

arteries (aorta) of HLU animals. We have also demonstrated that the observed vascular

contractile hyporesponsiveness is reversible with time, In addition, alpha-lAR specific

abnormalities in mesenteric microvessel responsiveness appear to be present.

5. We have observed a decrease in alpha-1AR specific radioligand binding in aortic vessels
from HLU animals.

6. We have demonstrated both an endothelial dependent and endothelial independent

component which contributes to vascular hyporesponsiveness following HLU.

7. We have demonstrated an upregulation of the regulatory subunit of myosin light chain

phosphatase, a key component of the Rho kinase/Ca+ sensitivity mechanisms which

regulates vascular contraction. This could contribute to the attenuated agonist induced

endothelial independent contractile responses observed in vessel ring preparation.
8. We have established the technique for measurement of phosphorylated myosin light

chains as a biochemical determinant of downstream contractile events.

9. We have demonstrated vascular hyporesponsiveness in the large pulmonary arteries of the

HLU rats. This vascular hyporesponsiveness is obliterated with nitric oxide synthase

inhibition suggesting that increased nitric oxide production may be mediating this

impaired contractile response.
10. We have demonstrated an impaired heart rat and blood pressure and contractility

response to a orthostatic stimulus (transient bilateral carotid occlusion) in a HLU mouse

model using pressure-volume loops.
11. We have developed an external non-invasive mechanical prototype device, in conjunction

with the Applied Physics Laboratory of JHU, that peristaltically pumps blood from lower
extremities and abdomen towards the heart to maintain stroke volume and cardiac output

during an orthostatic challenges. A notice of invention and non-disclosure has been filed

with Johns Hopkins University
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PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Cardiovascular Alterations

Gordon H. Williams, M.D.

Harvard - Brigham and Women's Hospital

Influence of Gender and Age on Renal and Cardio-

Endocrine Responses to Simulated MicrograviW

Project Executive Summary

Orthostatic intolerance remains an operational problem following space flight, and has been

observed to be more pronounced among women than among men. In addition, there is growing

evidence that cardiac dysrhythmias may pose a threat to the health of space travelers.

In our previous studies we observed that subjects on a constant high dietary sodium intake during
simulated weightlessness have varying degrees of sodium balance response. Furthermore, the

variability in response correlated with orthostatic tolerance and subjects age. Our previous

findings also are consistent with an increased basal tone of the RAAS in many subjects during

simulated microgravity. These findings are even more intriguing since several subjects

demonstrated changes in electrical stability of the myocardium following microgravity.

Chronically increased angiotensin II, and particularly aldosterone, levels resulting from bed rest
and their effects on myocardial remodeling may be at least in part responsible for these changes.

It is not known whether myocardial electrical changes will occur in women or older individuals,

or what role the RAAS might play. In the recent Randomized Aldactone Evaluation Study

(RALES) trial of spironolactone in patients with congestive heart failure, it was shown that a low

dose of spironolactone was protective against sudden cardiac death. Thus, theoretically, if

microgravity increases the risk for ventricular dysrhythmias, activation of the RAAS must
contribute to this increased risk. Then, a low dose of spironotactone (an aldosterone receptor

blocker) may be protective against this phenomenon. Finally. in a previous study we documented

that midodrine improved acute orthostatic intolerance following sixteen days of simulated

microgravity

We have no data in women and only limited data in older subjects. Thus, the overall goal of this

study is to assess in women (a population at increased risk for orthostatic intolerance) and in men
over the age of 50 (an age range more consistent to that of astronauts than the <35 year olds

involved in our previous studies) the impact of simulated microgravity on volume-regulating

systems. A secondary objective is to search for any correlation between changes in these systems

and changes in myocardial electrical stability. A final goal is to determine the effect of two

potential countermeasures: midodrine in women and low-dose spironolactone in older men. The
same methodologies we previously applied to the study of predominantly younger men will be

applied in this study. This study is closely related to a companion study "'Influence of Gender

and Age on Cardiovascular Responses to Simulated Microgravity'" by Richard J. Cohen, M.D.,
Ph.D., Principal Investigator. His study will investigate whether there appear to be an}

correlative factors between perturbations of the RAAS and effects on myocardial electrical

stability.

This work has implications for the treatment and prevention of maladaptive hemodynamic

responses experienced by astronauts in flight and on return to Earth. It will increase our
understanding of the mechanisms by which weightlessness changes volume and sodium

homeostasis, and possibly cardiac electrical stability, thereby, providing entree to develop
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appropriate countermeasures. Perhaps most importantly, it will broaden our database to include
older individuals and women, two groups who are well represented among our population of

current and future space travelers. Finally, the results of these studies may further our

understanding of the pathophysiology of alterations in volume homeostatic mechanisms in

cardiovascular diseases such as congestive heart failure.
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RESEARCH AREA:
PRINCIPAL INVESTIGATOR:
ORGANIZATION:

PROJECT TITLE:

Human PerformanceFactors,Sleepand Chronobiolog)._
• OGeor_,e C. Brainard, Ph.D.

Jefferson Medical College of Thomas Jefferson

University

Optimizing Light Spectrum for Long Duration Space

Flight

Project Executive Summary

Risk factors for the health and safety of astronauts and NASA ground control workers include

disturbed circadian rhythms and altered sleep4vake patterns. These physiological changes can
result in decrements in alertness, concentration, and performance, all of which threaten the safety

of personnel and the objectives of space missions. In studies of astronauts and NASA ground

control workers, light treatment has been used as an effective countermeasure to provide

entrainment of sleep-wake patterns and other circadian rhythms. It is important to optimize light

as a countermeasure for circadian and sleep disruption in space flight missions. For civilians,

light treatment is being tested for improving circadian entrainment and enhancing both

performance and alertness in shift workers. A recent Congressional report estimates that 20
million full time workers in the United States are shift workers and that they,' have increased

health problems including higher risk to cardiovascular disease, gastrointestinal distress, as well

as cognitive and emotional problems. The long term goal of our research is to determine the best

wavelengths of light for use as a countermeasure during long duration space flight, as well as for

adjusting circadian and sleep disruption in civilians.

Towards achieving this aim. an eight wavelength action spectrum (the relative effectiveness of
different wavelengths for eliciting a biological response) has been established to help identify the

photoreceptor system for light regulation of melatonin in humans (Brainard et al.. J.

Neuroscience 2001 ). Ultimately, this action spectrum may' be used as a tool for investigating the

action spectrum and related photoreceptor system involved in circadian entrainment and phase-

shifting. One specific aim of the current research is to extend the action spectrum for light-

induced plasma melatonin suppression using monochromatic wavelengths below 440 nm and
above 600 nm. These wavelengths are relevant to astronauts who have to adapt to extraterrestrial

environments that have spectral characteristics different from those found on earth. As

examples, there is substantially increased short wavelength light below,' 440 nm outside of the

earth's atmosphere and Martian skylight has an abundance of long wavelengths above 600 nm.

Data from the proposed studies can be used to optimize the lighting environment of astronauts on

long term missions. Specifically, these data can be used to 1) improve light treatment as a
countermeasure for circadian and sleep-wake disruption in NASA space flight missions, 2)

identi_' the best spectral transmission for space suit visors and the windows used in space
vehicles and habitats, and 3) engineer the ideal spectral distribution for illumination of

general living quarters during space exploration.

The specific aims of the current NSBRI project are: 1) test the hypothesis that wavelengths
below 440 nm and above 600 nm are active in regulating melatonin secretion: 2) test the

hypothesis that there will be a loss of sensitivity to monochromatic light when the eves are not

pharmacologically' dilated during the melatonin suppression trials: and 3) test the hypothesis that

there will be a shift in spectral sensitivity of light regulation of melatonin when the eves are not

pharmacologically dilated.
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For the first specific aim, a preliminary key finding is that the fluence-responserelationship
between420 nm exposureand melatoninsuppressionis univariant with wavelengthsbetween
440 and 600 nm. Two recentaction spectrasuggestedthat a novel vitamin AI retinaldehyde-
based photopigmentmay be primarily responsiblefor melatonin suppressionin humans
(Brainardet al., J. Neuroscience 2001; Thapan et al., ,Z Physiolog_v 2001). There was poor

agreement between these action spectra, however, on the relative sensitivity to monochromatic

light at 420-424 nm, allowing for the possibility that the action spectra could be matched to a

cryptochrome absorption spectrum. These 420 nm dose-response data suggest that the
melatonin action spectrum of Brainard et al. (2001) fit an absorption spectrum for a novel opsin

photopigment which mediates photoreception for the human retinohypothalamic tract. This

finding has practical importance to astronauts in long duration space flight since 420 nm

irradiance is greatly increased outside the earth's atmosphere (e.g. Space Shuttle and

International Space Station).

For Specific Aim 2, a preliminary key finding is that there appears to be a loss of sensitivity' to

460 nm light for melatonin regulation when the pupils are free to respond to light stimuli.

Further investigation is needed to specifically quantify how much loss is due to pupil regulation.

It will be important to further characterize both wavelength and intensity responses in

freely constricting eyes in order to practically utilize action spectrum data in optimizing

light as a countermeasure to circadian disruption during long duration space flight. In
almost all cases, astronauts" eyes will be freely reactive during long duration space flight.

Finally, additional progress that is relevant to all three specific aims involves the design and
initial construction of a new Light Emitting Workstation with three times the photon output of

current Light Emitting Workstations. This high output workstation is particularly' important to

the planned work with both short wavelength light below 440 nm and long wavelength light
above 600 nm. If operational, the light output of this equipment will be so powerful that it will

require a separate laborato_ _ sequestered from the lower power workstations. The university has
recently provided the needed laboratory space for this equipment along with the necessa_

waterlines and drains for cooling and 220 volt electrical supply for power.

Proposed Research Plan for the Coming Year

1) Complete data analysis on 420 nm dose response curve.

2) Complete pupillary project.
3) Complete building high intensity, light exposure system.

4) Initiate work on a dose response curve above 600 nm.
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ORGANIZATION:

PROJECT TITLE:

Human Performance Factors, Sleep and Chronobiology

Charles A. Czeisler, Ph.D., M.D.

Harvard - Brigham and Women's Hospital

Circadian Entrainment, Sleep-Wake Regulation and

Performance During Space Flight

Project Executive Summary

Optimal human performance during space flight requires astronauts to maintain synchrony

between the circadian pacemaker, which regulates the timing of sleep, endocrine function,

alertness and performance, and the timing of the imposed sleep-wake schedule. Operational

demands of space flight necessitate that humans live on day lengths different than the 24-h solar

day of Earth (Dijk et al., 2001 ). Due to orbital mechanics, astronauts are commonly scheduled to

the near equivalent of a shorter-than-24-hour day length in Earth orbit on space shuttle missions;

moreover, they will be scheduled to the 24.65-h solar day of Mars on the planned exploration
class mission to Mars.

Over the past ten years, we have successfully implemented a new technology for shuttle

crewmembers involving bright light exposure during the pre-launch period to facilitate

adaptation of the circadian timing system to the inversions of the sleep-wake schedule often

required during dual shift missions (Czeisler et al. 1991). However for long duration space

station missions it will be necessary to develop effective and attainable countermeasures that can

be used chronically to optimize circadian entrainment during extended duration missions.

The purpose of this 65-day long between subjects randomized stud)' is to test three specific

hypotheses aimed at evaluating entrainment of the human circadian pacemaker to longer-than-24-

hour days.

Specific aim 1: To test the hypothesis that synchronization of" the human circadian pacemaker to

a sleep-wake and light-dark schedule with an imposed period -4% longer than the pacemakers

intrinsic circadian period will be disturbed in men and v_omen:
Specific aim 2: To test the hypothesis that this disturbed circadian synchronization will result in

the secretion of the sleep-promoting hormone melatonin during the waking day. disturbed sleep,

reduced growth hormone and cortisol secretion, and impaired performance and daytime alertness;

Specific aim 3: To test the hypothesis that two relatively brief (45 minute) daily exposures to

evening bright light (-10,000 lux) will establish a normal entrained circadian phase, in subjects

whose imposed sleep-wake and light-dark schedule is -4% longer than their intrinsic period,
resulting in improved sleep consolidation, undiminished endogenous gro_1h hormone and

cortisol secretion and enhanced daytime alertness and performance as compared to subjects on

the same schedule with out the evening bright light exposure.

These hypotheses are based on the results of our prelimina_' data which indicate that: (a) the

period of the human circadian pacemaker after release from entrainment to tile 24-hour day is

near to but on average slightly longer than-24-hours (Czeisler et al. 1999), (b) the 24.6-h day is

outside the range of entrainment of the human circadian pacemaker in the presence of a weak

environmental synchronizer (Wright et al.. in press), and _cl intermittent exposure to bright light
is a cost effective means of resetting the human circadian pacemaker with respect to power use

and astronaut time compared to continuous exposure to light (Rimmer et al., 1999).

47



We have completed five experiments. This effort amounts to 325 subject test days in the

laboratory. Originally we proposed to complete 260 subject test days per year and are thus ahead
of schedule. Data collected include: Core body temperature, blood samples (melatonin), Urine

samples, Sleep and waking EEG recordings, Subjective sleep quality, Actigraphy, Light intensity,

neurobehavioral performance and mood. The successful collection of these data will allow us to

test hypotheses 1, 2, and 3 of the project. Data analyses are currently in progress.

The plans for the near future are to continue testing subjects on the Earth and Mars day, analyze
data collected, and to test as a countermeasure the ability of brief pulses of bright light to

synchronize humans to a dim light-dark cycle for the Earth and Mars day lengths.

48



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Human Performance Factors, Sleep and Chronobiology

David F. Dinges, Ph.D.

University of Pennsylvania School of Medicine

Countermeasures to Neurobehavioral Deficits From

Partial Sleep Loss

Project Executive Summary

This project is concerned with identifying ways to prevent neurobehavioral and physical

deterioration due to inadequate sleep and sleep placed at different times across the twenty-four

hour day in astronauts during long-duration manned space flight. The performance capability of

astronauts during extended-duration space flight depends heavily on achieving recovery through

adequate sleep. Even with appropriate circadian alignment, sleep loss can erode fundamental
elements of human performance capability including vigilance, cognitive speed and accuracy,

working memo_', reaction time, and physiological alertness. When attempting to sleep and

perform at an adverse circadian phase, the magnitude and time course of sleep loss and

consequent deficits in neurobehavioural functioning are significantly affected. Adequate sleep is

essential during manned space flight not only, to ensure high levels of safe and effective human

performance, but also as a basic regulatory, biology' critical to healthy' human functioning.

There is now extensive objective evidence that astronaut sleep is frequently restricted in space

flight to averages between 4 hr and 6.5 hr/day. Chronic sleep restriction during manned space

flight can occur in response to endogenous disturbances of sleep (motion sickness, stress,

circadian rhythms), environmental disruptions of sleep (noise. temperature, light), and
curtailment of sleep due to the work demands and otheI: activities that accompany extended space

flight operations. The mechanism through which this risk emerges is the development of
cumulative homeostatic pressure for sleep across consecutive days of inadequate sleep. Research

has shown that the physiological sleepiness and performance deficits engendered by sleep debt

can progressively' worsen (i.e.. accumulate) over consecutive days of sleep restriction, and that

sleep limited to levels commonly experienced by astronauts (i.e., 4 - 6hr per night) for as little as
1 week, can result in increased lapses of attention, degradation of response times, deficits in

complex problem solving, reduced learning, mood disturbance, disruption of essential
neuroendocrine, metabolic, and neuroimmunc responses, and in some vulnerable persons, the

emergence of uncontrolled sleep attacks.

The prevention of cumulative performance deficits and neuroendocrine disruption from sleep
restriction during extended duration space flight involves finding the most effective ways to

obtain sleep in order to maintain the high-level cognitive and physical performance functions

required for manned space flight. There is currently a critical deficiency in knowledge of the
effects of how variations in sleep duration and tinting relate to the most efficient return of

performance per unit time invested in sleep during long-duration missions, and how the nature of

sleep physiology' (i.e.. sleep stages, sleep electroencephalographic [EEG] power spectral

analyses) change as a function of sleep restriction, the timing of sleep and pertbrmance

degradation. The primary aim of this project is to meet these critical deficiencies through
utilization of a response surface experimental paradigm, testing in a dose-response manner,

varying combinati6ns of sleep duration and timing, for the purpose of establishing how to most
effectively limit the cumulative adverse effects on human performance and physiology' of chronic

sleep restriction in space operations.
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Although there is evidence that the less sleep obtained, the greater the waking deficits,
experimentshavefound thatfor acuteperiodssupplementinga reducedanchorsleepperiodwith
a nap has the potential to enhanceperformance,due to the exponential recovery of
neurobehavioralfunctionsrelativeto sleepduration.During thepast3 yearswe havebeenusing
a responsesurfaceexperimentalapproachto systematicallydeterminethe chronic (10-day)
effectsof 18sleepscheduleconditionsthatinvolverestrictednocturnalanchorsleepaloneandin
combinationwith varying durationsof restricteddaytimenaps on performance,mood, sleep,
circadian physiologyand hormones.The resultingpreliminaryresponsesurfacemaps(RSMs)
derivedfrom thisdose-responseexperimentindicatethattotal sleeptime per24hoursis a prime
determinantof cumulativeneurobehavioraldeficits, and that combininga restrictednocturnal
anchorsleepwith a middaynapcanattenuatecumulativedeteriorationin performance.In order
to completeourunderstandingof howto optimizeperformancein the faceof restrictedsleepin
spaceflight, we havereversedthe circadianplacementof these18 anchorsleep+ nap sleep
conditions (i.e., daytime anchor sleepalone and in combination with varying durations of
restrictednocturnalnaps.

To developthis responsesurfacemodel, 90 healthymen and women will undergoa 14-day
ground-basedlaboratoryprotocol involving randomassignmentto one of 18sleep-rationcells.
each involving the samesleepration for 10 consecutivedays.The sleep-rationassignments
involve4 nocturnalanchorsleepdurations(4.2,5.2,6.2, 8.2hr)and6 diurnalnapsleepdurations
(0.4. 0.8, 1.2, 1.6,2.0, 2.4 hr) crossedto yield atotal of 4 anchor-sleep-onlyconditions,and 14
anchor+ nap sleepconditions,and spanninga dynamicrangeof cumulativesleepdebts (i.e.,
from 0 to 40 hr in a 10-dayperiod). Subjectsundergoa wide range of quasi-continuous
neurobehavioralperformancetestsand continuousphysiologicalmonitoring of waking EEG.
sleepPSG,behavioralmotility, andcorebodytemperature,while living in the laboratoryfor 14
consecutivedays. The laboratoryenvironmentis designedto simulate the low light, tight
quarters,and lack of socialcontactwith the outsideworld that will characterizelong-duration
spaceflight.

The datacollectedfrom N=91 subjects(i.e. 1,274laboratory24-hourprotocols)over the past3
years investigatingrestrictednocturnalanchorsleepalone and in combination with var}'ing
durationsof restricteddiurnalnapshavebeenusedto createRSMsfor differentneurobehavioural
and sleepvariables,includingnumberof psychomotorvigilance task (PVT) lapses,cognitive
throughput,subjectivesleepinessand sleepefficiency. As data from the presentstudy are
obtained,wewill (1) establishRSMsduringsimulatednight work: and(2) by comparisonwith
the RSMsfor the studyalreadycompleted,determinetherole of initial circadianphaseof work
andsleepon thecumulativerateof impairmentfrom chronicsleeprestriction. In addition,these
datawill be incorporatedinto our original RSMs,to providea more completepicture of the
effects of restrictedsleep schedules,with sleep placed at different circadian phases,on
neurobehaviouralfunctioning,sleepphysiologyandneuroendocrineparameters.

Sleepdurationand timing arebeingcovariedin this project at tv+osleep-conducivecircadian
phases,but counterintuitiveto whatwouldnormally'be expectedfor sleepduration: (1) anchor
sleepduring thedaytimeand(2) napsleepduringthenight.Althoughscientificevidencestrongly
supportsthe view that the lesssleepobtained,thegreaterthe likelihoodof wakingdeficits, both
laboratoryand field studieshavedemonstratedthat a brief preplannedor preemptivenap (0.4hr
to 2.4hr) mayhavethepotentialto sustainoptimalperformancecapabilitywhentotal sleeptime
is markedlycurtailed.]'he basisfor this disproportionatebenefitfrom a relativelybrief nap was
recently'discoveredto be the resultof a saturatingexponentialfunction, suchthat the first few
hoursof sleepnet the greatestrecover. Thus,the disproportionaterecoverypotentialof naps
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maybedueto the exponentialrecoveryof neurobehavioralperformancefunctionsin relationto
sleepduration.This exponentialprocessappearsto parallel the time courseof EEG slow wave
activity (SWA obtainedby powerspectralanalysis)during sleep,which is believedto manifest
the physiologicalhomeostaticdrive for sleep.The datawe havegatheredto datein the initial
experimentsupportthe conclusionthat a dual sleepperiodwith anchorsleepplacednocturnally
and an afternoonnap longer than 1 hr resultsin normal to high levelsof physiologicallydeep
sleep and prevention of cumulative performancedeficits, even when the total time being
allocatedfor sleepin aday is restrictedtojust over6 hr. Thissuggeststhatthe implementationof
a brief nap may be one way in which cumulativesleeplossandwaking performancedeficits
could be reversedor prevented.There is howevera critical gap in knowledgeon how a single
daily nap can be most effectively used to eliminate the cumulativeeffects of chronic sleep
restriction.This projectwill meetthis deficiencyby developinga dose-responseRSM of a wide
rangeof variationsin the timing and durationsof bothanchorsleepand napsleep,to establish
the sleep-wakeschedulesthat most effectively limit the cumulativeadverseconsequenceson
performanceand physiologyof chronic sleeprestriction at the levels typically experiencedin
spaceflight. Using a wide range of experimentalconditions and a two-stageregression
approach,we are establishing a responsesurface model (RSM) of the countermeasure
effectivenessof multiple combinations,timings and durationsof anchorsleepand scheduled
napsto testthe hypothesisthat suchcombinationscanpreventthe neurobehavioralperformance
deficits that accumulatewithin and acrossdays of chronic sleep restriction. We are also
systematicallyevaluatingthe relationshipbetweensleepand circadianphysiologyand waking
performance.Such data will help establishthe extent to which homeostaticphysiological
processesduringsleeprespondto chronicsleeprestriction.

To datewe havecompletedthe studyof N=9 subjectsin this protocol,for a totalof 12624-hour
days in the Sleepand ChronobiologyLaboratory. The slightly slowerdataacquisitionrate in
year 01 was necessitatedby administrative, logistical and equipment issuesthat required
resolutionprior to dataacquisitioncommencing.An aggressivedataacquisitionrate is planned
for years02 and03, which will ensurea completedatasetby endof year03. We successfully
manageda similar accelerateddataacquisitionphasein the ;nJ and__ yearsof the first studQ
which ended withl additional subject than was needed (i.e. N = 91) tbr RSMs. Analysis of the

polysomnographic, neurobehavioral and neuroendocrine data is underway on the data collected
from the completed subjects, so that we may integrate this data into our existing response surface

models.

Prior to data collection for this protocol we acquired new physiologic recording equipment,

notably the Suzanne ambulatory/ attended sleep recording system (at no cost to the project)

provides enhanced ability to conduct electroencephaiographic (EEG) recordings, in addition to

full polysomnographic assessment tbr up to 24 hours, combined with real time recording ability

of subjects performing at the NAB consoles, to assess tbr slow eye lid closures, and other

physical correlates of increased sleepiness levels. In addition, we" will continue using a novel

non-thrombogenic catheter and blood pump device (Carmeda ConFlo blood pump system) that

allows tbr rapid sampling (15-rain. intervals) for an extended period of time. This innovative

design allows us to collect blood samples for a 25-hour duration, without having to flush the vein

with heparin, and thereby reducing burden on the subject.

We have continued with the development of RSMs using data collected in our initial study,

looking at further neurobehavioural variables and including sleep variables (e.g. sleep

efficiency), in addition to further analysis of the neuroendocrine changes associated with chronic

51



partial sleep deprivation, and have presented this data at the national sleep conference (annual
meeting of the Associated Professional Sleep Societies [APSS], June, 2001).
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Charles A. Fuller, Ph.D.

University. of California, Davis

Primate Circadian Rhythms in the Martian

Environment

Project Executive Summary

To maintain health and homeostasis, an organism must regulate each of its physiological systems
in concert with all of the others and with the external environment. The Circadian Timing

System (CTS) has evolved to allow coordination of an organism's physiology and behavior both

internally and with the external 24.0 hr terrestrial day. The mammalian CTS is adapted to the

lighting environment found on Earth. As we move toward exploration-class space missions, we

will be exposing astronauts to non-Earth environments for increasing lengths of time. Changes

may include altered gravity and spectral, intensity and day-length differences. This raises the
concern of whether or not humans will be able to synchronize to such an alien environment. For

example, a Mars-type exploration would entail stays on Mars of one to two years. Compared
with the Earth, the Martian environment has a photic spectrum shifted to the red, low

illumination level, a periodicity of 24.62 hr, and a 0.38 G gravitational field. The mammalian

CTS is most sensitive to light of the blue-green wavelengths and adapted to synchronize to a 24.0

hr day. In addition, light must be relatively bright to affect the CTS of primates, especially
humans. Further, altered CTS ihnction including rhythm amplitude and wave form, sensitivity to

light, and CTS period, have been reported in both the microgravity environment of space flight

and in hyperdynamic fields on the Earth. This program will examine the ability of primates
(male and female rhesus monkeys) CTS to cope with the Martian environment. The first three

experiments will examine responses to the Martian day. _vhile the last experiment will examine
the effects of G on the period of the circadian pacemaker. Experiment 1 will examine the ability

of the CTS to synchronize to the Martian photic (spectrum and period) environment. We will

examine long-term (4-month) physiological and behavioral responses. Experiment 2 will

similarly examine long-term responses to a photic environment composed of a Martian day and

Earth light spectrum. Experiment 3 will use the primate model to initiate the development of
countermeasures to assure optimum entrainment of the CTS. This experiment will examine the

effects of timed bright light pulses on CTS entrainment. Using the forced desynchrony protocol,

experiment 4 will examine the effects of 1.0, 1.5 and 2.0 G on the period of the circadian

pacemaker. We will develop a G vs. period model to predict the effect of the 0.38 G Martian
environment on the period of the circadian pacemaker. This model will be used to develop

countermeasure requirements to be tested in experiment 3. Thus, this program will develop a

primate model to evaluate physiological and behavioral consequences of long-term exposure of

male and female subjects to altered lighting and gravitational environments.
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Megan E. Jewett, Ph.D.

Harvard - Brigham and Women's Hospital

Mathematical Model for Scheduled Light Exposure:

Circadian/Performance Countermeasure

Project Executive Summary

The Original Specific Aims of our Project:
Specific Aim I: To further develop and refine our 'Dynamic Stimulus Processing' Light

Model so that it can accurately predict the phase and amplitude of the human circadian

system under any lighting conditions, especially those which occur in space. This will be

done using data from four completed studies of the effects on the human circadian system of:

i) three-cycles of brief bright light pulses; ii) three-cycles of extended bright light pulses; iii)

three-cycles of extended low- and moderate-intensity light pulses; and ix,) single- and double-

cycles of amplitude-suppressing critically-timed extended bright light pulses.

Specific Aim 2: To validate the Light Model refined above in Specific Aim 1 using data from
four other completed studies of the effects on the human circadian system of: v) single-cycle

patterns of brief bright light pulses: vi) single-cycle extended bright light pulses: vii) single-

cycle extended light pulses across a wide range of intensities: and viii)sleep-wake/light-dark
schedules with a wide range of periods (1 l-h, 20-h. 23.5-h, 24-h, 24.6-h, 28-h, 42.85-h),

different light intensities during wake (1, 8, or 15 lux), and with or without a single exposure

to an extended bright light stimulus (in the 11-h condition only).

Specific Aim 3: To incorporate the Light Model refined and validated above in Specific Aims
I and 2 into our mathematical Neurobehavioral Perlbrmancc Model, which will then be

validated against experimental performance data collectcd under the wide variety of lighting
conditions encompassed in the eight studies described above in Specific Aims 1 and 2.

Specific Aim 4: To develop a user-friendly ('ircadian t'el_tormance Simulation Sojiware

(CPSS) package that can be used to specify appropriate light schedules as a countermeasure

to the poor performance and sleep quality associated with circadian misalignment in space.

The Kev Findings of the Project:
1) The current statistical models used to fit core body temperature collected during Constant

Routine conditions must be modified to take into account the amplitude recover3'

dynamics of the human circadian pacemaker.

2) When on non-24-hour light/dark schedules, the human circadian pacemaker shows a

systematic phase modulation, even when the light levels during wake are very dim (_15

iux).

3) Our Light Model can be incorporated into our Neurobehavioral Pertbrmance Model to
allow us to predict pertbrmance even under unusual lighting and scheduling conditions,

such as those experienccd by NASA personnel.
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4) Our user-friendly Circadian Performance Simulation Software (CPSS) package allows

scientists to better design research protocols and to easily test and generate scientific

hypotheses. The CPSS allows NASA personnel and other schedule designers to test the
effects of various schedules on performance in order to enhance crew member or

employee performance.

5) The Actiwatch-L tends to underestimate the amount of light exposure, but this can easily

be corrected by a transformation function.

The Impact of these Findings:
1) The impact of finding 1 above is that we have needed to design and compare several

alternative statistical models of CR core body temperature in order to determine which

best encompasses the amplitude recovery dynamics of the human circadian pacemaker.

2) The impact of finding 2 above is that we need to consider whether a) there might be some

non-photic cue inducing this modulation; or b) the effects of dim light might be greater

than we had previously believed. Another impact is that scientists using such non-24
hour forced desynchrony protocols must be aware that there are slight day-to-day changes

in period, even though the overall period is quite stable.

3) The impact of findings 3 and 4 above are that we can now offer NASA personnel,

schedule designers, clinicians and scientists a tool to enhance their ability to plan the best

sleep-wake and light exposure schedules for their particular needs.

4) The impact of finding 5 above is that the Actiwatch-L may prove to be an excellent
method for gathering input for our Light Model, but the data it provides must be

transformed prior to being input into our model.

In addition, from our interactions with NASA and NSBR1 personnel about their current needs

relative to using our Light and Neurobehavioral Performance Models to schedule and deliver

appropriate lighting exposure for the proper entrainment of NASA crewmembers and ground

crew during missions, we have learned thai it is important that we also consider both how:
light exposure and sleep/wake data can be easily gathered and input into our models, as well

as how scheduled light exposure as a countermeasure call be easily delivered to NASA

personnel, both on the ground and in space. Therefore. we have added the following fifth

Specific Aim to our project:

Specific Aim 5: To assess the applicability of currently-available portable light-

measuring/actigraphy devices and light-emitting devices to be used. respectively, as

inputs and implementations of the outputs of our Light and Neurobehavioral Performance
Models.

Proposed Research Plan for the Cominl_ Year:

Specific Aim 1:
1) To test six alternative statistical models of core body temperature collected under

Constant Routine (CR) conditions that allow for changes in circadian amplitude in order

to determine which provides the best fit to the data.

2) To fit the statistical model selected to CR data in amplitude suppression studies and use
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the fitted growth rates to describe the amplitude recovery dynamics of the human

circadian system.

3) To determine whether the higher-order or lower-order pacemaker model best describes

the amplitude recovery dynamics.

4) To incorporate whichever is the better pacemaker model into our Light Model and to then
simulate each of the four light studies listed to determine how well the model is able to

predict their results.

5) To refine the Light Model as necessary so that it accurately predicts the findings of all

four of the studies.

Specific Aim 2:
1 ) To complete the secondary analyses of the non-24-hour day studies so that we have day-

by-day phase estimates throughout each of the studies.

2) To use the refined Light Model from Specific Aim 1 to simulate each of the four
validation studies in order to determine whether the refined model is able to accurately

predict their findings.

3) To refine the Light Model as necessary.' until it is able to accurately' predict all eight

studies listed in Specific Aims 1 and 2.

Specific Aim 3:
1) To finish the analysis of the neurobehavioral data from study vi in Specific Aim 1 and

from study v and the remainder of study viii in Specific Aim 2.

Specific Aim 4:
1) To improve the graphical outputs of the current version of the ('ircadian PepJormance

Simulation So#ware to allow the user to more easily visualize the schedule they' entered

and the models" predictions of circadian phase and neurobehavioral performance.

Specific Aim 5:
1) To determine the accuracy of the Actiwatch-L's light measurements in sunlight versus

room lights.

2) To determine the effects of posture on the accuracy' of the Actiwatch-L's light

measurements.

3) To determine the extent to which using Activvatch-L data for our model inputs improves

the accuracy of our model predictions for shiftworkers.

4) To determine the actual intensity of light reaching the eye for tbur different light-emission
devices.
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Michael Menaker, Ph.D.

University. of Virginia

A Model of Circadian Disruption in the

Space Environment

Project Executive Summary

In order to discover countermeasures against the deleterious physiological and behavioral

consequences of the inevitable disruption of normal circadian rhythmicity produced by the

conditions in space, we have first to create a laboratory model of that condition (which for the

sake of brevity we are calling "dysphasia"). To be successful such a model must enable us to
measure the effects of simulated space conditions on multiple body functions as well as on the

temporal relationships of these functions to each other and to the environment. These conditions
are fulfilled in large part by our transgenic rat model in which the transcription of the clock gene

Perl is reported in real time by luciferase. We are able to culture tissues from such rats and to
measure the phase of their circadian rhythms in vitro, enabling us to infer their phase

relationships in the intact animal. Our aims are first to determine how these phase relationships

are disrupted by simulated space conditions, and second to devise counter measures that could in

practice be employed by astronauts in space to reinstate normal temporal organization. Of

necessity, to be practical, countermeasures must be compatible with the ongoing activities in

space vehicles. It is therefore impractical to use the strongest known synchronizing signal, a

regular 24-hour light cycle.

We have investigated an alternative synchronizing signal, precisely-timed meals, and have found

that its effects are stronger than anticipated and extend deeply into the physiology of the animal.

Timed meals set the phase of the circadian rhythms of gene expression in liver, stomach, colon.

esophagus, lung, and also the phase of locomotor behavior. Timed meals do not influence the

phase of gene expression in the suprachiasmatic nucleus (SCN) or the femoral artery. Our results

suggest that timed meals may prove to be a useful partial countermeasure against dysphasia
which could be combined with other signals (e.g.. melatonin) that preferentially target SCN

and/or the cardiovascular system During the next year we plan to test these hypotheses on

transgenic rats made dysphasic by exposure to bright constant light.

The approach outlined above depends on inferences about the behavior of tissues in intact
animals based on their behavior in culture. It will be important to confirm these conclusions by

direct measurement of the same rhythms in intact animals. This is a technically demanding

undertaking, but we are making slow progress by recording luciferase activity with implanted

light guides in awake, behaving animals. We will continue to refine this approach.
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Circadian and Vestibular System Relationships

Project Executive Summary

The series of studies proposed in this grant, "Circadian and Vestibular System Relationships," is

entirely novel. There is no scientific literature in existence concerning the relationship between

the two systems in the grant title. However, at the time the proposal was submitted, a paper had

been just been published in the Journal Of Comparative Neurology by Shiroyama and colleagues

(1999) showing a direct connection between the medial vestibular nucleus and the ventral lateral

geniculate nucleus. However, their data were misinterpreted and the projection is actually to a

neighboring nucleus, the intergeniculate leaflet (IGL) of the circadian rhythm system. This

opened a lot of possibilities that we developed into a proposal.

PROGRESS WITH RESPECT TO THE SPECIFIC AIMS:

Specific Aim I. Connections between the circadian rhythm system and the vestibular system The

first objective has been completed. Using retrograde tracer applied to the [GL, we have shown

neurons in the vestibular system project to a nucleus (the IGL) of the circadian rhythm system.

We are presently working on two variations on the anatomical theme. One employs anterograde

t_acer applied to the medial vestibular nucleus to trace projections to the IGL. The other is a

technique novel to this laboratory and has required significant modifications in standard

operating procedure. This method uses a transynaptic viral tracer to determine whether two

neurons are connected. The method has been successfully implemented in our lab and we are in

the process of performing the study to determine if neurons in the medial vestibular nucleus

connect to neurons in the IGL that, in turn. proiect to the circadian clock in the suprachiasmatic

nucleus (SCN).

Specific Aim 2. Functional activation of the vestibular and circadian systems by an OKN

stimulus. This Aim has not yet been addressed except for the fact that the machine that will

deliver the light stimulus for inducing optokinetic nystagmus (OKN) has been built.

Specific Aim 3. Functional activation of the vestibular and circadian systems by a non-

locomotor, non-photic stimulus. Functional implications of a vestibular system activating

stimulus are being examined. In particular, linear acceleration/deceleration and rotational
stimulation were administered to hamsters. After the stimulation, tlae brains were removed, fixed

and processed to determine the extent and location of induction of the immediate early gene,/i_s,

as indicated bv the presence of FOS protein. The results show a linear relationship between rate

of rotation and number of cells in the IGI, (among other places) expressing FOS in response to

the stimulus. The rhythm phase shift study that is part of this specific aim has not yet been

addressed.
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IMPACT OF THE RESULTS ON THE SPECIFIC AIMS:

There are two significant points of impact. One concerns the original set of specific aims. Were

they realistic and worthy of experimental study? The answer is clearly affirmative. There are n__Q

negative changes in the specific aims. We have added rotational stimulation to the originally

proposed linear acceleration/deceleration as part of work done for Specific Aim 3. The second

point of impact concerns the significance of the system being studied upon health risks during

space flight. The vestibular system influences has a generally pervasive influence on normal

behavior. Therefore, knowledge about the routes and mechanisms through which this influence is

achieved may be important. In particular, sleep and circadian rhythms may be profoundly

disturbed by high level vestibular activation, or might be actually facilitated by low level

vestibular activation.

RESEARCH PLAN FOR THE NEXT YEAR:

We expect to continue with the approach thus far. In particular, we will complete the anterograde

tract tracing studies and the viral tracing studies. This will complete the proposed anatomical

work. We will finish the study of vestibular activation on FOS protein induction. We will begin,

and largely or fully complete, the study of vestibular activation and circadian rhythm phase shift.

We will begin the parallel study of FOS protein induction using the OKN-inducing stimulus.
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Long-Term Exposure to Dim Lighting Desynchronizes

the Circadian System of Rats

Project Executive Summary

Many biochemical, physiological and behavioral parameters exhibited by organisms show daily
fluctuations and most of these daily rhythms persist in constant conditions, thus, demonstrating

that they are driven by endogenous oscillators. The rhythms that persist in constant conditions

with a period close to 24 hours are called circadian rhythms. One the most important aspects of

space flight is the absence of geophysical 24-h cycles, which, of course, affects the overall

temporal organization of the organisms. In the case of long-duration manned space flight, it is
crucial to understand how the whole circadian system would react and behave in such

circumstances.

We discovered that exposing rats to constant dim light for 60 days significantly affected the

phase-relationship among circadian outputs in the SCN, retina and pineal, demonstrating that in
these animals internal desynchronization of the circadian rhythms is occurring. We also observed

that the circadian rhythm in arylalkylamine N-acetyltransferase (the enzyme that is responsible
for the circadian rhythm in melatonin synthesis) was altered in both the retina and in the pineal

gland. Our data also indicated that locomotor activity rhythm might be an unsatisfactory marker
to assess the circadian status of the whole organism. Internal desynchronization has profound

effects on the capability of the organisms to perform (mentally and physically) and to remain

healthy. In this research proposal, we have designed a series of experiment aimed to understand
the mechanisms that are responsible for the observed desvnchronization. We believe that the

model we have generated will be useful in to foreseeing and preventing dysfunction of the

circadian system that may arise after long periods in the space environment where the normal

cycle has been altered.
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Animal Model for Sleep Loss and Circadian Disruption

Project Executive Summary

The adverse effects associated with imposed disruptions of the normal circadian and sleep-wake

cycles are particularly relevant to NASA personnel and their ability to carry out normal duties at

a high level of efficiency. Many space travel situations demand that both ground-based and

flight personnel engage in duty schedules that can lead to circadian rhythm disruption and sleep
loss. The tasks that can be affected involve vigilance, operation and control of vehicles/aircraft,

maintenance, preparation and operation of equipment, as well as command and control activities.

Night operations are important for successful missions, and there is a clear need to find
countermeasures that can alleviate the adverse effects of these activities on human circadian

rhythms and sleep as well as on neurobehavioural capabilities and on physical performance.

Despite the high prevalence of chronic partial sleep loss and circadian disruption due to
shiftwork in modern society, no animal models have previously been developed to systematically

examine the effects of chronic partial sleep and circadian disruption on sleep architecture and

performance. The use of a new animal model, as outlined in the original proposal, will lead to
new insights into how the circadian and sleep systems are affected by the disruption of their

normal phase relationship to one another, and how this temporal disorganization influences

neurobehavioural capabilities and motor performance. Information gained using this novel
animal model will also be important in the development of effective countermeasures to the

adverse effects associated with circadian disruption and sleep loss. These countermeasures could
be useful in a number of situations involving NASA personnel, particularly in extended duration

space flight missions that will result in challenges to the sleep and circadian system of the flight

crew and support teams. This project will also provide important insights in to the interactions

between the circadian and sleep/wake systems.

There are three specific aims of the project I) to determine the effects of 12 hours of imposed

wakefulness during both normal active and inactive periods on circadian rhythms, the sleep-wake

cycle and neurobehavioural and motor performance measurements 2) to test the hypothesis that
treatment with either a physiological or pharmacological dose of melatonin at the beginning of

the imposed period of wakefulness will alter the effects of this temporal desynchrony on the

circadian clock, the sleep-wake cycle, and/or on neurobehavioural and motor performance

measurements, 3) to test the hypothesis that access to a wheel (exercise) when in the home cage,

will alter the effects of the imposed periods of wakefulness on the circadian clock, the sleep-

wake cycle, and/or neurobehavioural and motor performance measurements.

Key findings from the first year of this program suggest that the wheel is sufficient to

significantly restrict sleep and that animals employ different strategies in the recover)' of sleep
across successive days of sleep restriction. In addition, acute and chronic partial sleep restriction

to .just 4-hours per day significantly alters the hypothalamic-pituitar)-adrenal axis (I-IPA)

response to stress (Meerlo et al, 2002).
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Progressduring the pastyearhasplacedus in the positionto move forward with addressingthe
questionsposedin specificaim 1-3. Two animal roomshavebeendedicatedto this project,one
with thecapacityto recordsleepin 16animalsandactivity andcorebodytemperaturein 28.The
secondadjacentroom is equippedfor behaviouraltesting. Studiescarriedout duringyearoneof
the projecthaveindicatedthat chronicpartial sleepdeprivationhasa significantimpacton not
only performancebut alsootherphysiologicalsystems(HPA axis). It is alsoclearthatthereare
straindifferencesin someof ourmeasuresat baselineandthatthis will havea significantimpact
on our resultsduring the forcedwakefulnessprotocol. Sleeprecordingduring recoveryperiods
following 8 daysof chronicpartial sleepdeprivationhasprovidedimportant information.We
will usethis information to aid in determiningwhich daysof recoverywill be the focusof our
analysisin order to detectimportantchangesin sleeprecoveryon successivedaysof imposed
wakefulness.

During the coming yearongoingexperimentswill be investigatingboth strainand light level
differenceson the impactof 12hoursof imposedwakefulnessduringboth thenormalactiveand .
inactiveperiodsoncircadianrhythms(activity andcorebodytemperature),the sleep-wakecycle
and neurobehaviouraland motor performancemeasurements.Once the initial experiments
outlined in specific aim one arecompletedand a baselineis establishedwe will begin testing
countermeasuresas outlined in specific aims two and three. The currentanimalmodel will
provide the opportunity to test novel countermeasuresdevelopedto alleviate the impact of
circadiandisruptionandsleeploss.

62



NSBRI RESEARCH PROGRAM

IMMUNOLOGY, INFECTION AND HEMATOLOGY

Team Leader: Shearer, W. T. Baylor

Associate

Team Leaders: Butel, J. S.

Sonnenfeld, G.

Baylor

Morehouse

Butel, J.S. PI

Conner, M.E. CO-I

Lednicky, J.A. CO-I

Ling, P.D. CO-I

Baylor

Baylor

Baylor

Baylor

Viral Infections and Mucosal Immunity

Fox, G.E. PI

Willson, R.C. CO-I

U of Houston

U of Houston

Microorganisms in the Spacecraft

Environment

Gewirtz, A.M. PI

Sutherland, B.M. CO-I

Penn

Brookhaven

Effect of Deep Space Radiation on

Human Hematopoietic Stem Cells

Shearer, W.T. PI

Butel, J.S. CO-I

Conner, M.E. CO-I

Gridley, D.S. CO-I

Lednicky, J.A. CO-I

Ling, P.D. CO-I

Lee, B.N. CO-I

Lugg, D.J. CO-I
Nelson, G.A. CO-I

Ochs, H.D. CO-I

Reuben, J.M. CO-I

Rosenblatt, H.M. CO-I

Smith, E.O. CO-I

Bayior

Baylor

Baylor
Loma Linda

Baylor

Baylor
UT-MDACC

Australian Antarctic Div.

Loma Linda

Washington

UT-MDACC

Baylor

Baylor

Space Flight Immunodeficiency

Shi, Y. P! UMDNJ Effects of Antiorthostatic Suspension

on the Immune System

Sonnenfeld, G. P! Morehouse Suspension, the HPA Axis and
Resistance to ! nfection

64

66

67

68

71

72

63



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Immunology, Infection and Hematology

.Janet S. Butel, Ph.D.
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Viral Infections and Mucosal lmmuni_

Project Executive Summary

Space flight has been found to affect immune responses, and alterations in a normal immune

response could have a major impact on the host's ability to control infections. An important

question being explored is whether infectious diseases will pose an unacceptable medical risk to
the success of long-duration space journeys. All humans are infected for life with latent and

persistent viruses, and it is well-known that suppression of the immune system allows latent

viruses to reactivate and multiply, which may cause disease in the person undergoing reactivation
or in contacts to whom the virus is transmitted. The general hypothesis being addressed is that

conditions of long-duration space flight will alter human immune responses, leading to
reactivation of latent viruses, increased viral infections and viral disease, and possible

development of malignancies, and to altered mucosal immunity, an important host defense

against microbial infections. We are focusing on reactivation and shedding of human
herpesvirus EBV and human polyomaviruses, agents known to establish persistent infections and

to undergo reactivation and cause disease, including cancer, when the host immune system is

compromised. Animal models are being used to study radiation effects on host responses to

infections, with the suspended mouse model being used for mucosal immunity studies.

There are several ground-based human models that mimic certain aspects of space flight (but not

microgravity). One is wintering-over for 8-12 months in Antarctica and another is a closed
chamber study in which individuals are confined within space-craft-like chambers on the ground.
Both these conditions mimic, but do not precisely duplicate the stress, confinement, isolation,

and microbial contamination expected to be encountered during actual space flight. To these we
added HIV-infected individuals, a medical condition in which patients suffer immunosuppression

due to infection with HIV, the AIDS virus. The 5' are an effective model of medical problems that

arise due to damage to the immune system and, by studying patients in various stages of HIV-

related disease, different degrees of immune damage can be modeled. Long-term studies of virus
reactivation in the three ground-based human models of space flight had been planned and

initiated in previous grant years, and sample acquisition and viral assays came to fruition during
this current grant year. We completed first a year-long study of reactivation and shedding

patterns of herpesviruses and polyomaviruses in 30 normal, healthy individuals in Houston so
that results of virus reactivation studies in ground-based analogs of space flight could be

meaningfully interpreted in the context of normal, baseline reactivation patterns. Data analyses

(including statistical analyses) are ongoing. ]'he general approach was that DNAs were extracted

from peripheral blood mononuclear cells, urine cell pellets, and saliva and were tested for the

presence of viral DNAs by polymerase chain reaction.

The study involving the Antarctic expeditioners began in late 1998. with specimens received by
us in mid-2000. Difficulties were encountered due to the harsh, isolated Antarctica environment

and the quality of samples returned from different outposts varied significantly. We also added a

new control group of normal volunteers in Australia, as the Antarctic expeditioners were all

Australian. The study population involved 63 polar expeditioners and 50 controls. Data to date

suggest that the stress or other effects of isolation in Antarctica may lead to an alteration in the
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host-pathogenstatus,as reflected in increasedpolyomavirus reactivation and sheddingby
younger individuals. We participatedin a 240-dayclosedchamberstudy (SFINCSS-99)in
Moscow, Russia in collaboration with the Institute for Biomedical Problems. Four crew
memberswereconfined in thechamberfor thedurationof thestudyandwerevisitedby two 4-
personcrews,eachfor 110days,modelingfuturecrew interactionsin the InternationalSpace
Station. The chamberclosedin July 1999andspecimenswerehand-transportedto Houstonin
Fall 2000. Specimenanalysisis ongoing. Uponcompletion,this will be thefirst long-duration
chamberisolationexperienceto yield integratedimmunologicalandvirological studies. In the
HIV infectionstudyinvolving 70HIV-infectedindividualsand68uninfectedcontrols_we found
that sheddingof bothpolyomavirusandEBV waselevatedin theHIV-positive cohort. Usingthe
CD4 cell countasa surrogatemarkerfor immunestatus,we foundthat evenmodestdepressions
in immunefunction correlatedwith virus reactivationin both HIV-positive and HIV-negative
groups. This emphasizestheimportanceof understandingtheeffectof long-durationspaceflight
on the host immunesystem.Nexk we examinedthe possibletransmissionof microbial agents
within spaceanalog environmentsby monitoring infection by Helicobacter pylori. This
bacterium is causally related to chronic gastritis and peptic ulcer disease and indirectly related to

gastric cancer. Transmission is believed to occur person-to-person by the fecal-oral route under
conditions of poor sanitation; acquisition of infection has been associated with crowded living

conditions. H. pylori antibodies were measured using a sensitive and specific ELISA test in

plasma specimens from volunteers in the Antarctic winter-over and in the Russian chamber

study. There was no evidence for transmission of bacterial infection under these isolation

conditions, but a major caveat to this conclusion is that the sample sizes of stud}, volunteers may
have been too small to detect transmission of this organism. These studies have involved

collaborations with Drs. I. Larina (Russia). D. J. Lugg (Australia/ANARE), D. L. Pierson

(NASA/JSC), J. A. Lednicky (i, oyola University, Chicago). and D. Y. Graham, W. A. Keitel, and

W. T. Shearer (all of Baylor).

A major risk to long-duration space missions is chronic exposure to ionizing radiation. The
hypothesis being tested is that space radiation will lead to reactivation of viruses, increased viral

infections, and the development of virus-associated malignancies. We are testing this hypothesis

with mouse models using the murine gammaherpesvirus 68 and the murine polyomavirus as

mouse equivalents of human EBV and of human polyomaviruses, respectively. These studies are

being performed in a three-way collaboration with Dr. W.T. Shearer and his "'Space Flight

Immunodeficiency'" project, and Dr. D. S. Gridley at Loma Linda University in California. This
project suffered delays due to the flooding of the Baylor animal facility this past summer, but we

anticipate that we will soon be fully operational. Another goal of the mouse model studies is to

define changes in both the mucosal and systemic immune systems under simulated space flight
conditions, to determine whether any observed changes would pose significant risks to crew

members and to gain basic information necessary for future design and testing of appropriate
countermeasures to abrogate detrimental immunologic changes. These studies utilize a ground-

based anti-orthostatic suspension mouse model. The approach is to catalog global changes in the

immune system (cell distributions, cytokine production, gene expression) under simulated space
flight conditions, and then to determine an}, additive effects of concomitant virus infection and/or

proton irradiation on those patterns. This comprehensive approach will provide ne;v insights into

mucosal and systemic host immune functions.
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Microorganisms in the Spacecraft Environment

Project Executive Summary

Significant progress has been made in the past year as documented by three peer review papers

that have been published or are in press, one that has been accepted pending revision and one that
has been submitted. In addition, a book chapter is in press. We are continuing to develop a

hybridization array assay for water quality. Several of the previously designed probes have been

placed on glass slides and successfully used to capture target 16S rRNAs. It appears that an array

assay using a modest number of probes will work better if long capture probes are used in
conjunction with the established smaller group specific probes as detectors in a sandwich assay.

Three longer oligonucleotides (40, 52 and 65 mers) were designed and initial tests indicate that

this format will be preferable for modest arrays. The conditions for this sandwich hybridization

assay are currently being optimized.

We are also continuing to examine possible solution formats, which would simplify sample

preparation. We have shown that molecular beacons work well with 5S rRNAs, even in the

presence of large excesses of very similar non-target RNA. However, they have been problematic
with 16S rRNA due to inability of the probes to reach the target sequences. We therefore are

developing a controlled fragmentation system for 16S rRNA by using limited ribonuclease

digestion in magnesium buffer in order to improve target accessibility of probe target regions.
Irrespective of the results with 16S rRNA an assay that targets 5S rRNA has considerable merit.

Molecular beacons targeting this RNA can be readily designed to be specific species. We have in

the last year developed a greatly simplified procedure in which the 5S rRNA target leaks out of
cells alter their membrane is damaged. This ve_' simple assay will work with most Gram-

negative species. Molecular beacons may not be the most useful detection system however. We
have been able to detect as little as 0.1 picomolc of 5S rRNA using an immunohybridization

assay in which hybrids between the probes and the target RNA are captured on a solid surface.

]'his approach has now been successfully implemented with probes targeting l_hrio proteolyticus
16S rRNA. Future tests will focus on other organisms that will be targeted in the water assay.

Significant progress has been made in the identification of oligonucleotide signature sequences
that might be used as the basis of an assay to identify problematic organisms whether their

presence was expected or not. In a publication that is in press, we show that large numbers of
these signature oligonucleotides exist and present an algorithm for finding them. Ongoing work

is focused on developing a more effective database of such signature sequences so that we can

develop a better understanding of where they occur and what type of groupings, will be easy or

hard to identif}' by this approach. Finally, we have begun to establish protocols for mRNA

purificatiom arranged appropriate collaborations and hired new personnel as a prelude to

studying the effects of simulated microgravity on bacterial gene expression.
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Effect of Deep Space Radiation on Human

Hematopoietic Stem Cells

Project Executive Summary

Astronauts on long-term missions in deep space will be placed at risk from a variety of hazards.
Some of these are known while others may be anticipated. Damage to hematopoietic stem cells

as a result of radiation exposure is as an example of the latter. Our long-term goal is to identify,

and quantitate the risks of deep space radiation to the human hematopoietic system, with

particular emphasis on the hematopoietic stem cell. Stem cells are the ultimate source of both
the blood and immune systems and damage to these cells could have grave immediate and long-

term consequences. At the same time, because these cells can be readily removed from the body,

manipulated, and stored, they are also unique candidates for countermeasures that might obviate,

or totally negate, damage incurred to them. Accordingly, this project will have three specific

aims that support our long-term goals. These are to: 1 ) Investigate the cellular consequences of

exposing human hematopoietic stem cells to an environment which simulates the radiation
environment of deep space. While much is known about the effects of"conventional" radiation

on hematopoietic cells, virtually nothing is known about the effects of deep space, high LET
radiation on human hematopoietic stem (HSC) and progenitor (HPC) cells. 2) Examine the

molecular consequences of exposing human hematopoietic stem cells to an environment which
simulates the radiation environment ofdeep space. This aim has two purposes. If radiation

leads to degradation of hematopoietic cell function it will clearly be of interest to look for the

molecular lesions potentially responsible for such damage. Alternatively, more long-term, but

initially occult damage may also be induced. The consequences of such damage could lead either
to a complete failure of hematopoiesis (aplastic anemia) or the development of hematological

malignancies. Identification of such damage is therefore important. 3) Design potential
cozmtermeasures to obviate or negate cellular and molecular damage discerned during the

course o/carrying out Aims 1 and 2. We propose both simple and more complex solutions to

problems that might be identified during the course of this stud5'. We suggest that prophylactic

(pre-flight) harvest and storage of astronaut stem cells might be a sate, effective, and relatively
inexpensive mechanism for countering long-term damage to cells of the hematopoietic systems.

Countermeasures that might prove effective in combating damage encountered during flight will

also be developed and explored for their utility.
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Space Flight lmmunodeficiency

Project Executive Summary

Ori2inal Aims

There are two specific aims to this project concerning Space Flight Immunodeficiency that can
be summarized as follows:

A. Specific Aim 1. Using human blood specimens collected in the Australian National

Antarctic Research Expedition (ANARE) winter-over, assess the effects of extreme weather

climates, isolation, containment, sleep disturbance, and possible microbial contamination on
immune function.

Hypothesis for Specific Aim 1. The ground-based space-equivalent model of the Antarctic

winter-over will provide an assessment of some of the conditions of space flight that may have a

negative impact upon human immune function.

Objective for Specific Aim 1. Using ANARE plasma samples collected ever5' month from
ANARE study subjects stationed in the Antarctic and from control subjects stationed on

Macquarie Island. determine whether there are differences in concentrations of cytokines and

their soluble receptors, possibly due to the isolation of study subjects.

B. Specific Aim 2. Assess the effects of deep-space radiation and latent viral infection on
immune function of experimental animals and determine whether depressed immunity in these
animals leads to a state of chronic infection and development of tumors.

Hypothesis for Specific Aim 2. Radiation and virus infection in a murine model will
demonstrate a synergistic and permanent depression of immunity, leading to conditions of

chronic viral infection and malignancy.

Objective for Specific Aim 2. Using sublethal doses of proton and gamma radiation, reduce
immune function in study animals to determine if activation of a latent murine virus induces

chronic infection and cancer.

Key Findings of Project

A. Plasma Cvtokines and Cytokine Receptor Antal_onists in ANARE Subiects

Based in part upon our previous NSBRl-supported human sleep deprivation studies published in
2001, we have extended these studies of plasma cytokines and soluble cvtokine receptor

antagonists to the space model of the Antarctic winter-over. Australian volunteers were taken by
boat from the mainland in October/November 1999 to one of three destinations, two in

Antarctica and one on Macquarie Island. The study subjects were those stationed in the two
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Antarcticlocations(Casey,N=I 0, Davis,N=11,totalN--21),andthecontrolsubjects(N=7)were
thosestationedonMacquarieIsland(still hadaccessto themainlandduringwinter). A periodof
total isolationfor theAntarcticstudysubjectsbeganin lateMarch/earlyApril, whenaccessto the
mainlandwaspreventedby theenlargingicemass.Monthly plasmaspecimenswereobtained
andfrozenat -70°C, beginningin January2000andendingin Septemberof thesameyear. After
transportof thefrozen(dry ice) specimensto Houston,cytokineandcytokinereceptorassays
wereperformedwith quality-assuredELISA assays.Analysisof thelargeamountof datais
continuing,but severalpreliminarystatementscanbemade.Thereappearedto beprogressive
time-dependentincreasesin plasmainterleukin-12(IL-12) andinterferon-gamma(IFN-7)levels
andtime-dependentprogressivedecreasesin plasmalevelsof interleukin-10(IL-10) and
interleukin-1receptorantagonist(IL-1RA) in theAntarcticstudycohorts,ascomparedto the
MacquarieIslandcontrolcohorts. IL-12andIFN-7cytokinesareimportantin theactivationof
cytotoxicT-cells,suchasthosethatmightbeactivatedin responseto aviral infection- possibly
a latentinfectionthatbecomesactivedueto thesevereconditionsof theAntarcticwinter-over.
Also, theprogressivedecreaseof IL-10andIL-1RA levelsin theplasmaof studysubjectsin total
isolationis asign of the immunesystemturningoff its anti-inflammatoryresponse,asreflected
in theconcentrationsof IL-10, knownto beananti-inflammatou'cytokineandin IL-1RA,apro-
inflammatoryreceptorantagonist.All of thesefindingsareconsistentwith theAntarctic
volunteersundergoingT-cell activation,possiblydueto viral infection.

B. Radiation and Virus Infection in a Murine Model

The co-investigators met in Houston on June 19, 2001 for the team retreat. Dr. Daila Gridley

was an invited guest and presented the results of her current work with proton and gamma
radiation in mice, demonstrating profound and some lasting deficits of immune function. The

following plans were made with regard to collaborative immunology-radiation biology studies.

Selected strains of mice (e.g., BALB/c C57 black) will be exposed to proton and gamma ray

radiation and subsequently to murine viruses (e.g., gamma 68, polyomavirus) in an attempt to
determine the combined effects of space radiation and latent virus infection on the immune

function of study animals. This first approach villi examine the simultaneous effects of radiation
and infection and will then be followed by a sequential approach of infection first and radiation

second, the likely scenario for human space travelers to Mars. The dose of radiation that will be

utilized initially (3Gy, the estimate of radiation received by astronauts on a Mars Mission) will be

that used by Dr. Gridley and her colleagues, who have demonstrated rapid and profound
alterations in immune cells and immune responses in murine subjects. Replicate and controlled

experiments will be performed by both the Loma Linda University (LLU) site and the Baylor site
to insure that the same methods are followed at both sites and that the results of the experiments

at Baylor confirm those of LLU. If gamma radiation proves to be equivalent to proton radiation,
in terms of effects upon the immune system (e.g., spleen cell T-cell response to non-specific

stimuli and specific antigen stimulation: plasma antibody formation to neoantigen; spleen

lymphocyte subset distribution), it "may be possible to avoid transfer of mice between institutions.

as Baylor has a source of gamma radiation. In addition to examination of the effects of radiation
and latent virus infection on immune cells and immune responses, study animals will be

evaluated for the development of tumors and blood malignancies. This will be carried out with

the assistance of Dr. Cory Brayton, a veterinary pathologist at Baylor who has agreed to

collaborate on this project.

Because of the complete loss of the vivarium at Baylor College of Medicine. due to Tropical

Storm Allison flooding the Texas Medical Center, these small animal studies have had to be

postponed. However. the veterinarians at Baylor and LLU have been preparing for these
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collaborativestudieswith thesubmissionof documentsto the Animal Welfare Committees of

both institutions. The Baylor vivarium is now operating at a ten percent capacity, and soon it

will be possible to proceed with the research on Specific Aim 2.

Impact of Findings on Hypothesis, Obiectives_ and Specific Aims of Original Proposal

Ao Plasma Cytokines and Cvtokine Receptor Antagonists in ANARE Winter-Over

Subjects

The findings of this study strongly support the hypothesis that the immune systems of humans

exposed to the long and severe isolation of the Antarctic winter-over become activated by a
recurrence of latent virus infection. Therefore, this model of space flight has (to the extent of the

present findings) been validated, suggesting that viral infections in space travel will become
activated - possibly leading to a state of profound immunodeficiency. These data need further

exploration with additional objectives, such as the functional assessment of cellular immunity.

Lymphocyte proliferation to specific antig_s or the secretion of cytokines in response to specific

antigen challenge, or the measurement of T-cell cytotoxicity to virus-infected target cells would

be objectives for the next phase of this work. The specific aim would remain the same. It is of
considerable interest that these same subjects did not demonstrate defects of B-cell mediated

immunity, as assessed with their specific antibody responses to the T-cell-dependent neoantigen,

phi-X174 bacteriophage (Shearer, et al., 2001 ). It is possible that the alterations achieved in T-
cell immunity are reflective of T-cell activation only and that immunosuppression did not occur

during the one winter-over period. Additional human experinaents in this and other models of

space flight are warranted.

B. Radiation and Virus Infections in a Murine Model

The difficulties encountered with the Baylor College of Medicinc vivarium due to the great flood

of 2001 are likely not to be repeated and as more space within the vivarium becomes operational,

experiments will get underway. The specific aim and objective remain the same to test the

original hypothesis.

Proposed Research Plan for the Coming Year

A. Plasma Cvtokines and Cytokine Receptor Antagonists in ANARE Subiects

A complete analysis of the data will be made, and a manuscript will be written for peer-reviewed

publication. Plans will be made for additional ANARE experiments in collaboration with Dr.
Desmond Lugg. These would include the possibility of performing real time assays of immune
function in the Antarctic for the ANARE 2003 expedition. The experience with using frozen

specimens delivered from the Antarctic from ANARE 1999 was that too few cells remained

viable for analysis of immune function. If the postponed NASA Isolation Capsule Study at the

Johnson Space Center in Houston is restarted, it would be possible to perform these cytokine

analyses along with the functional assessment of T-cell activation.

B. Radiation and Virus Infections in a Murine Model

See Impact of Findings, B above.
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Effects of Antiorthostatic Suspension on the Immune

System

Project Executive Summary

Space flight has profound effects on the immune system of humans, monkeys and rodents.
Several factors including microgravity, lack of load bearing, stress, acceleration forces, and

irradiation have been proposed to contribute to the changes of the immune system, however, the

exact mechanisms by which these factors affect the immune system remain to be established.
Simulations of-some of these factors with ground animal models, as hindlimb suspension in

rodents, have replicated such changes in the immune system. Our recent studies have shown that

opioids could induce Fas expression. In addition, restraint stress in mice induces Fas-mediated

apoptosis in splenocytes in an endogenous opioid-dependent manner. Since space flight
conditions resemble both physical and psychological stress to humans and animals, we

hypothesize that immunosuppression during space flight is a result of the expression of Fas,

induced by increased production of endogenous opioids.

We propose the following aims to test this hypothesis: 1) Investigate the modulation of the Thl

and Th2 responses in mice upon subjection to antiorthostatic suspension. Recent studies have

clearly demonstrated that stress-induced immunosuppression is not simply due to an overall

downregulation of the immune system. Rather. Thl responses are suppressed while at the same

time Th2 responses are enhanced. We hypothesize that antiorthostatic suspension could increase
Th2 while at the same time decrease Thl responses.

Aim 2) will explore the mechanisms of antiorthostatic suspension-induced thymus involution. It
has been shown that space flight and antiorthostatic suspension could induce significant thvmus
involution in animals. This reduction could decrease the peripheral repopulation capacity.

especially when a large proportion of peripheral lymphocytes also undergoing cell death under
such conditions. Our hypothesis is that thymus involution induced by antiorthostatic suspension

is mediated either by glucocorticoid or by endogenous opioids.

And, aim 3) will examine the role of RANKL in the communication between the immune and

skeletal systems during antiorthostatic suspension. Space flight and antiorthostatic suspension

causes significant bone loss. Recent studies have shown that OPG could inhibit bone alteration
in antiorthostatically suspended mice, indicating the importance of RANKL in this process. We

have recently shown that RANKL could be induced by activation and dexamethasone in T cells

and thymocytes. We hypothesize that antiorthostatic suspension induced glucocorticoids could

promote lymphocytes to express RANKL, which causes bone loss.

These studies will further investigate the molecular mechanisms by which antiorthostatic

suspension induces immune alteration. Furthermore. we will also test our novel hypothesis that

the immune system contributes to bone loss under weightless conditions. It is expected that our
studies will provide information for the development of novel countermeasures to overcome the

deleterious effects of space flight.
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Suspension, the HPA Axis and Resistance to Infection

Project Executive Summary

The hypothesis bring tested is: antiorthostatic (AOH or hindlimb) suspension of mice, a model
for some of the effects of space flight on the immune system, results in altered resistance to

infection with pathogens. Testing of this hypothesis will provide data to allow development of

future studies to determine if space flight affects resistance to infection and if countermeasures

can be developed to prevent any detrimental effects.

The specific aims of the study are:

A) to expand the range of infections altered by AOH suspension. We have already shown that
resistance to some infections that are not likely to be risks during space flight has been altered by

AOH suspension and we now wish to determine if infections that could be a risk during space

flight are affected by the suspension model.

B) to determine the mechanism of alteration of resistance to infection induced by AOH

suspension. Although previous studies have shown that immune responses are altered by space
flight, we now wish to extend these studies to determine the role of neuroendocrine system in

regulating infections. This will be carried out using two approaches. The data obtained from

experiments using both approaches will be integrated to allow for development of a model for
the mechanism(s) of the effects of hindlimb suspension on resistance to infections.

We have begun studies to expand the range of infections shown to be altered by AOH

suspension. We have completed an LD50 stud}' for Klebsiella pneumoniae in Swiss/Webster
mice. We have carried out a study to determine the effects of AOH suspension on resistance to

infection with K_._:.pneumoniae. In a preliminaD experiment, have shown that mortality was 50%
for control mice that were normally caged and housed and received 1 LD50 of K___:pneumoniae.

Mortality was 43% for control mice that were orthostatically restrained and received 1 LD50 of

K_._=pneumoniae. Mortality was 86% for experimental mice that were anitorthostatically

suspended and received I LD50 of K__=pneumoniae. We have carried out additional mechanistic
studies that show that the bacteria spreads to the blood and organs after infection of all animals.

However, in the restrained and normally housed control animals, the bacteria were cleared from

the blood and organs. The suspended animals could not clear the infection from the blood or

organs and this led to their death.

We have completed initial studies to determine the effects of catecholamines on the growth of

potentially pathogenic bacteria that would be encountered during space flight. Supplementation
of minimal medium inoculated with bacteria cultures with norepinephrine, epinephrine,

dopamine, or isoproterenol resulted in marked increases in growth compared to controls.

Norepinephrine and dopamine had the greatest enhancing effects on growth of cultures of

Pseudomonas aeruginosa and Klebsiella pneumoniae, while epinephrine and isoproterenol also

enhanced growth to a lesser extent. The growth of Escherichia coil in the presence of

norepinephrine was greater than growth in the presence of the three other neurochemicals used in
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the study. Growth of Staphylococcus aureus was also enhanced in the presence of

norepinephrine, but not to the same degree as was the growth of gram negative bacteria.
Addition of culture supernatants from E. coli cultures that had been grown in the presence of

norepinephrine was able to enhance the growth of K. pneumoniae. Addition of the culture

supematant fluid culture from E. coil cultures that had been grown in the presence of

norepinephrine did not enhance growth of P. aeruginosa or S. aureus. Culture supernatant fluids
from bacteria other than E. coli grown in the presence of norepinephrine were not able to

enhance the growth of any bacteria tested. The results suggest that catecholamines can enhance

growth of pathogenic bacteria, which may contribute to development of pathogenesis; however,
there is no uniform effect of catecholamines on bacterial growth.

The results of the current research are very much inline with the proposed studies described in

the original proposal. We will continue in thenext year with the work as outlined in the original

proposal.

We will, in the next year, expand our studies with suspension to include other potential

pathogens and to study effects on immune and hormonal responses. We will also expand our
hormonal studies to determine the effects of catecholamines on growth and virulence of

additional bacterial and viral pathogens. We also hope to begin synergism projects utilizing array

analysis to determine what specific proteins are affected by exposing pathogenic bacteria to
catecholamines.
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Project Executive Summary

The overall goal of this proposal is to test the hypothesis that inhibition of calpain activity in
skeletal muscles can reduce myofibril degradation and muscle atrophy. Muscle wasting is an

important impediment to extended space travel, and studies have shown that muscle size is

regulated by the balance between myofibrillar protein synthesis and degradation. Calpain is the

major calcium activated protease in animal cells and plays a primary role in regulating the rate of.

muscle protein accumulation. Considerable evidence suggests that increasing the levels-of

calpastatin, a protein inhibitor of calpains, enhances muscle protein accumulation. Inhibition of

caipain activity, either by increasing calpastatin levels or by expression of dominant negative
forms of calpain, may therefore reduce or inhibit muscle atrophy. Research in this proposal will

explore these possibilities and has the lbllowing specific aims: 1) investigate whether targeted

over expression of calpastatin will reduce skeletal muscle atrophy in transgenic mice using the
hindlimb unweighting model; and 2) investigate the use of dominant negative forms of calpains

to inhibit calpain activity and reduce skeletal muscle protein degradation and atrophy. Studies
will use either the muscle creatine kinase promoter or a fully characterized tetracycline inducible

system to express calpastatin or mutated calpains in muscles oftransgenic mice or in cultured L8
muscle cells. Muscles will be analyzed for changes in overall size, nucleus/cytoplasm ratio, fiber

type, total protein accumulation and degradation rates, and accumulation of individual

mvofibrillar proteins. Information gained is expected to broaden our understanding of muscle

grov_¢h and may suggest approaches for alleviating muscle atrophy in space and on Earth.
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Project Executive Summary

Project Goals As Defined in the Original Proposal:

, To determine how changes in mechanical loading impact fundamental signaling pathways

and regulatory processes that control protein translation capacity/efficiency in the context

of skeletal atrophy and hypertrophy.

2. To systematically develop a rodent resistance training program designed to attenuate the

atrophy process and blunt slow to fast transitions in contractile protein phenotype.

3. To determine the potential interaction of amino acid (leucine and cysteine) therapy and

resistance training as a countermeasure.

Objectives For the Current Funding Period:

. Initiate experiments to identify mechanisms responsible for muscle atrophy when the

target skeletal muscles are induced to become totally inactive via the intervention of the

model of spinal isolation.

-) Identify regulator3' mechanisms tor muscle hypertrophy using an approach that places
continuous mechanical stress on the target muscles via the model of functional overload.

3. Initiate experiments to ascertain if chronically altered loading of human skeletal muscle

induces adaptations similar to that seen in animal models.

Progress To Date:

In FY 2000-2001 three projects were initiated in order to establish cellular/molecular profiles in
skeletal muscle reflecting anabolic/catabolic states based on net protein balance in skeletal

muscle using models that cause either marked atrophy' or hypertrophy.

Project #1 examined changes in rodent slow and fast skeletal muscle in response to complete

muscle inactivity', as induced by the novel technique of spinal isolation (Sl) in which the spinal
cord is severed: and all afferent input into the motor pathways to the muscles are inactivated or

silenced.

Project #2 examined adaptive hypertrophy responses to the intervention of chronic functional
overload (FO) in which the target muscles (soleus and plantaris) were induced to increase their

weight bearing activities by' the surgical elimination of gastrocnemius synergist.
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Project #3 examined cellular/molecularmarkersof anabolic/catabolicprocessesin human
skeletalmusclesof subjectsthatwereexposedto eitherunilaterallower limb suspension(ULLS)
alone,resistancetraining (RT) alone,or thecombinationf ULLS plusRT. This latterprojectwas
performed in collaboration with Dr. Per Tesch of the Karolinska ResearchInstitute in
Stockholm,Sweden.

Key Findings:

The SI model induces marked atrophy by 40 -50% in both slow and fast rodent muscle (figure 1,

appendix A). The atrophy response is brought about by marked decrease in transcriptional
activity of sarcomeric genes (myosin heavy chain and actin), which lowers the amount of mRNA

(Figures 6 and 7, appendix A) available for translation (figures 11 and 12, appendix A). Total
RNA concentration and content, of which the majority is ribosomal, is markedly reduced (Figure

4, appendix A). Although the activity of enzyme systems involved in protein translation remain
activated in the inactive muscles (figures 13 and 14. appendix A), it appears that the decrease in

transcription and the increased expression of enzyme systems involved in protein degradation

(enzymes of the ubiquitin proteasome and calcium activated calpains) (figures 15 and 16.

Appendix A) are up-regulated to create net protein loss. These findings clearly point to the

importance of maintaining transcriptional activity' in order to generate sufficient substrate for

protein translation in models of marked atrophy'.

With functional overload, the opposite occurs in that transcriptional activity' of sarcomeric

proteins is increased. Also, enzyme systems and activation of proteins involved in protein
initiation processes in translation are increased relative to control states (Figures 21-26,

Appendix By. Further, there is increased expression of muscle gro_¢h factors such as IGF-1 and
myogenic growth factor and their associated binding proteins (Figures 13,14, 15, 16, appendix

By, which are thought to increase signaling for protein translation. Preliminary studies suggest
that there is either no change or decreased expression of the proteins involved in protein

degradation (Figures 21 and 22, appendix By. Thus. in this robust model of hypertrophy there is

net positive protein balance by increasing the transcriptional/translational events while exerting
less impact degradation processes. One of tile interesting observations in this overload model
involves the transient reduction in the concentration of the myofibril fraction in both fast and

slow overloaded muscle during the initial stages of the overload stimulus (3, 4, 7,8,9,10,11,12,

appendix By. Thus, in the hypertrophying responsc, there may be an initial protein reduction in
the contractile apparatus that precedes the anabolic stage of the muscle. More research is needed
to determine if this is a common response to different paradigms of muscle growlh and

hypertrophy.

Finally, in humans undergoing muscle atrophy', the patterns of change of mRNA for both myosin

heavy, chain and actin are reduced, which is consistent with the type of changes observed in
rodent models of muscle atrophy'. This observation suggests that human and animal muscle may

respond to altered loading via similar mechanisms. Resistance training, either alone or in
combination with lower limb unlading, consisting of a combination of concentric/eccentric

contraction creates the opposite responses compared to that seen vdth the unloading state on the

molecular markers of muscle homeostasis.
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PROJECT TITLE:

Muscle Alterations and Atrophy

P. Bryant Chase, Ph.D.

Florida State Universi_

Cell and Molecular Biomechanics: Cardiac and

Skeletal Muscle

Project Executive Summary

This proposal is targeted to the National Space Biomedical Research Institute's Integrated
Human Function Team (primary) with a secondary target as the existing Muscle Team. The

overall goal of this proposal is to produce a muscle cell model (digital cell) that will: explain
biomechanical adaptations that occur with alterations in muscle protein isoforms due to changes

in activity level; predict bioenegetic changes associated with changes in activity level; and be

integrated into computational models of human limb and heart. The essential molecular and
subcellular components of the model will be identified and algorithms constructed based on

experimental data obtained in a controlled environment. The cell model will be tested against

published biomechanical and bioenergetic data obtained under a broad spectrum of
environmental conditions. Our muscle cell model will be one of the main building blocks for

constructing a model of integrated human function because the cell is the basic unit of

physiological organization: the musculoskeletal system is -80% of body mass and thus is a major
determinant of energy consumption, as well as being responsible for movement and

cardiovascular function. To accomplish our goal of constructing a digital muscle cell, we will:

(1) identify contractile protein composition of skeletal and cardiac muscles from high- and low-

activity rats; (2) characterize contractile properties (phenotype) of selected muscles containing

unique mixtures of protein isoforms, as identified in Aim 1: and (3) develop the "digital" cell
biomechanical model.

79



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Muscle Alterations and Atrophy

Alfred L. Goldberg, Ph.D.

Harvard Medical School

The Activation of Protein Breakdown in Muscle Upon

Unloading and Possible Countermeasures

Project Executive Summary

The marked loss of muscle mass that occurs in astronauts in space due to muscle unloading and

also in many systemic diseases results primarily from accelerated degradation of muscle proteins,

especially myofibrillar components. We have shown that the enhancement of protein breakdown
in these various types of muscle atrophy results mainly from activation of the ubiquitin-

proteasome system and that one pair of ubiquitination enzymes (E2_4k and E3ot), which comprise
the "N-end rule" pathway, plays a particularly important role in atrophying muscles. Our major

goals now are to clarify the basis for the activation of this ubiquitination pathway in the unloaded
muscles and to develop pharmacological inhibitors of the ubiquitin-proteasome pathway that may

retard muscle wasting. We shall attempt to identify more potent, selective inhibitors of E3cx and

to use genetic models to examine the consequences of blocking the "N-end rule'" pathway in vivo.
Proteasome inhibitors are promising new agents for treating human disease, and based on recent

findings about proteasome function, we hope to synthesize new types of inhibitors that act

aliosterically to reduce proteolysis partially and thus should be safer and more appropriate for use

against muscle wasting.

To obtain a more complete picture of the changes in gene expression leading to the loss of
muscle mass and functional capacity, we are also undertaking a gene microarray analysis to

identify systematically the transcriptional changes that occur during atrophy of rat muscles
induced by hind-limb suspension or glucocorticoid treatment, as well as in human muscle

biopsies ol_tained during prolonged bed rest. This approach should help to identify novel targets
for inhibitor development and useful markers to monitor muscle wasting and efficacy of

countermeasures.

To explore how atrophy may be prevented by nonpharmacological approaches, we also plan to

analyze animal muscles from certain unusual physiological states, black bears during winter and
rats upon dietary protein restriction, both of which suppress proteolysis and preserve muscle

mass, despite reduced caloric intake and disuse.

8O



RESEARCH AREA:
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Muscle Alterations and Atrophy

Marc T. Hamilton, Ph.D.

Universi_ of Missouri

Genomics of Human Skeletal Muscle During Bed Rest

and Exercise

Project Executive Summary

Reduced use of weight-bearing skeletal muscles during microgravity and sedentary life on Earth

causes unhealthy and potentially dangerous consequences. For example, leg muscles atrophy,

and also have a profound reduction of lipoprotein lipase activity (an enzyme in the blood vessels

of muscles with a protective effect against lipoprotein risk factors for coronary heart disease). It

is likely that an unbiased determination of the global expression pattern of the human genome

with microarrays will reveal many muscle mRNAs increasing and decreasing, including mRNAs
that heretofore have never even been hypothesized to contribute to the "microgravity or sedentary

phenotype." Additionally, large scale genomic studies are likely to begin to reveal clusters of
related mRNAs that provide clues as to the sets of genes orchestrating some of the cellular

signaling, transcriptional changes, cellular growth, and metabolism. This project will build upon

recent experience established from microarray studies of hindlimb suspension, endurance
exercise, and muscle fiber type that support the statements described above. The effects of bed

rest and one-leg exercise (as a countermeasure to attenuate the effects of inactivity) on the soleus
muscle of 6 men and 6 women will be studied. Using state-of-the-art microarray methodologies,

this project will measure the expression of-12,000 full-length sequence verified mRNAs and
-3,000 of the most abundant muscle ESTs. This project is being proposed by a laboratory

already using microarrays in the stud}' of muscle physiology, in collaboration with a

bioinformatics laboratory, a physical therapy laboratory focused on muscle function, a physician-

scientist studying muscle diseases, and a core laboratory for microarray development. This study
is likely to discover novel candidate genes and clusters of related genes potentially responsible

for the unhealthy responses to reduced muscle use during physical inactivity.
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Susan C. Kandarian, Ph.D.

Boston University

Gene Expression Profiling of Unloaded Skeletal Muscle

Project Executive Summary

Prolonged periods of biomechanical unloading due to space travel or physical inactivity are

marked by significant decreases in the size and functional capacity of skeletal muscle. The

overall aim of the proposed work is to delineate cellular mechanisms involved in unloading-

induced skeletal muscle atrophy. In the face of overall muscle wasting, some subsets of genes

are actually upregulated indicating the complexity of the biological processes underlying atrophy

and the need for characterization at a molecular level. As a first step in elucidating these

mechanisms we will analyze global gene expression patterns in rat soleus muscles using

Affymetrix GeneChips at 1, 4, 7, 14 days of biomechanical unloading. Temporal analysis of the

parallel expression of-7,000 full-length genes and several thousand expressed sequence tags will

serve as a window into the signaling networks that underlie the atrophy process. Microarray data

analysis software will be used to segregate gene expression changes based on involvement in

known functional groups, regulatory and signaling pathways. Clustering algorithms will be used

to elucidate sets of genes with known or unknown functions that have similar temporal

expression patterns. These types of analyses will be used to illuminate gene associations and

candidate players in pathways that may be involved in the progression of muscle atrophy.

Further investigation of candidate players will be performed using more quantitative and

conventional techniques such as northern blot. western blot, activity assays, and

immunoiocalization studies. Sequence alignment algorithms such as AlignACE will be used to

identify regulator) sequence conserved among genes that are co-regulated. This type of analysis

will expedite attempts to determine unloading-sensitive regulator?' sequences and will facilitate a

better understanding of how activity patterns regulate transcriptional machinery. Protein-DNA

binding assays using these conserved regulator)' motit_ will complement the computational

analysis. By characterizing atrophy at this level we will be in a better position to design effective

countermeasures to mitigate the deleterious changes in muscle function, which not only has

applications for life in space but also for the quality of life on this planet.

82



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:
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Martin J. Kushmerick, M.D., Ph.D.

University of Washington

Integrating Human Muscle Energetics and Mechanics

Project Executive Summary

We propose a novel combination of 31p NMR spectroscopies, ultrasound functional images,
biomechanical analyses and multi-level modeling for analysis leading to an integration of human

limb muscle function. We will integrate macroscopic properties in terms of molecular

mechanisms. Human limb muscle will provide an exemplar for the integrated human function

team: the analysis and modeling of different cell types and tissues in the limb as a functional

organ will provide enabling concepts and technology for larger scale modeling of the "digital

human" and guide strategies for database and global computer system development. We believe
the current best strategy to develop milestones and to make progress on the ambitious goal of the

"digital human" is to commence work on one body part that includes important pieces of

NASA's critical path analysis. An understanding of limb muscle function is crucial to the

planning of training exercises and to selecting personnel for the most strenuous activities with

optimal efficiency and minimal risk. The science of this proposal evaluates the mechanisms

responsible for transient and steady state performance of limb muscle. This analysis requires the

specification of: 1) the mechanical power output by specific muscles during limb functions; 2)
the analysis of the properties of different muscles in the same individual and of the same muscles

in different individuals: 3) the quantification of energy demand by mechanical output: 4) the

division of energy supply between glycolytic and oxidative processes and analysis of their inter-
related controls: and 5) analysis of the response of these components with integrated models of

the system. The intbrmation obtained through these experimental approaches is crucial to
develop a model-based approach to the study of in vivo muscle energy balance in humans for two

reasons: 1) the relevant data is not available: and 2) more importantly, the conceptual basis for

integrating the component mechanisms can only be evolved from these new observations. We
will show that the tissues in the limb have ideal properties and components that render

hierarchical modeling feasible. Many properties of these processes are known and characterized

in vitro but in vivo they form an integrated system, thc characteristics and regulation of which is

largely unknown. We will expand a mathematical model Jbr intracellular energetics to include
mechanics and blood flow. The goal is a hierarchical and mechanistic model of these crucial

components of limb muscle function which can be extended to include additional metabolic and
cellular features developed by other investigators, bone mechanical properties and, eventually,

cardiovascular and respiratory analyses currently under development in other teams. We expect
the intermediate milestone of the limb functional model will be a powerful tool for analyzing

altered physiological responses to space environment and for testing efficacy of countermeasures.
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Michael B. Reid, Ph.D.

Baylor College of Medicine
Redox Modulation of Muscle Function in MicrograviD'

Project Executive Summary

Exercise-induced fatigue and muscle atrophy are mediated in part by reactive oxygen species

(ROS), a stimulus that may be exaggerated by radiation during spaceflight. The current project is

assessing the roles of ROS signaling and radiation on muscle fatigue and atrophy and is testing

antioxidants as possible countermeasures. Progress was hindered by severe damage to our

institution by Tropical Storm Allison in June, 2002, but these losses have been resolved and are

making rapid progress as outlined below:

Aim 1. To determine if oxidative stress contributes to muscle fatigue during handgrip

exercise. Fatigue of hand and forearm muscles may limit crew performance during
extravehicular activity (EVA). N-acetylcysteine (NAC) is an antioxidant that inhibits muscle

fatigue in humans. We are testing thc capacity' of NAC to inhibit muscle fatigue and oxidative

stress in humans during handgrip exercise. Working with Dr. Jeff Jones, Flight Surgeon at

NASA Johnson Space Center, we are using equipment and test procedures designed for use on
the International Space Station. Pilot data indicate these methods are reproducible so we plan to

begin NAC experiments early in Year 2.

Aim 2. To determine whether ionizing radiation accelerates ROS production and fatigue in

skeletal muscle. The radiation absorbed during EVA is predicted to increase tissue ROS levels

and accelerate fatigue. We plan to test these postulates by studying rodent limb muscles in a

proton radiation field that mimics EVA conditions. Ongoing collaborations with Dr. Carlos
Gonzalez, Director of the cyclotron at the University of Texas Medical School, were disrupted

when Tropical Storm Allison destroyed the cyclotron facility. We now are developing an

alternative plan using the cyclotron at Texas A&M University in collaboration with Dr. Henry
Clark, Director of the A&M facility'. Experiments arc expected to begin in Year 2.

Aim 3. To evaluate oxidative stress as a mediator of muscle atrophy caused by gravitational

unloading. Muscle atrophy is a primal' cause of muscle dysfunction during prolonged

spaceflight. We are evaluating oxidative stress as a cause of atrophy in mouse soleus during 12-

days of hindlimb unloading. Unloading increases oxidant levels in soleus muscle fibers.
Antioxidant (NAC, ailopurinol) administration decreases muscle oxidant levels and blunts

contractile dysfunction but does not inhibit atrophy. In Year 2, we plan to complete these studies
and test vitamin E effects. Related studies have identified a novel ubiquitin conjugating enzyme,

UbcH2/E2__0k, that is highly' expressed in skeletal muscle and mediates ubiquitin conjugation to

muscle proteins. We are now testing the role of UbcH2/E22o_ in atrophy of unloaded muscle.

Aim 4. To determine if radiation stimulates atrophic signaling in muscle. ROS accelerate

protein loss in differentiated muscle cells by activating nuclear factor-6B (NF-6B), a transcription
factor that influences expression of regulator3' proteins in the ubiquitin/proteasome pathway. We

postulate radiation-derived ROS will stimulate this pathway. Planned experiments will measurc

activity of this signal transduction pathway in muscle following proton radiation exposure. Due
to destruction of the Medical Center cyclotron, experiments have been delayed until Year 2 and
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will use the A&M facility. In a related project, we have begun collaborating with Drs. Butel,

Conner, and Gridley of the NSBRI Immunology, Infection, and Hematology Team. We have

obtained muscle from gamma-irradiated animals at various times following radiation exposure

and are analyzing the tissue for signaling events linked to muscle catabolism.

85



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Muscle Alterations & Atrophy

Shantanu Sinha, Ph.D.

Universi_" of California, Los Angeles

In-Vivo Stress-Strain Dynamics in Human Muscle

Project Executive Summary

Muscle atrophy is a complication of prolonged exposure to microgravity and likely involves an

alteration in the strain properties of the muscle-tendon unit. Such alterations in biomechanical

properties are likely to predispose muscle to strain injury as well as create errors in motor
function, both in the microgravity environment and upon return to Earth-based activities.

Quantifying the magnitude and distribution of the stress-strain properties of muscle during both

the atrophic and recovering state is a specific aim of this project. Preliminary evidence shows
that the strain distribution within muscle is highly heterogeneous but closely linked to the
anatomical architecture of the muscle. Reduced levels of mechanical load likely plays a

significant role in the development of muscle atrophy through alteration of the strain
characteristics of muscle, (magnitude and the strain distribution). In our experimental design, a

group of subjects (n=l 2) will undergo unilateral lower limb suspension (ULLS) for 6 weeks to
induce muscle atrophy of the triceps surae muscle complex (TSMC) in one extremity. Strain

magnitude and distribution within the muscle will be measured by velocity encoded cine-phase
contrast MRI during an in viw_ isometric contraction of the TSMC with maximal effort. Static
muscle volumes of individual muscles of the TSMC, peak muscle velocity, and torqueat that

point of time will also be quantified. A custom designed force transducer apparatus will measure
torque. The scanning and testing sessions for the ULLS group will be at 2 weeks and 1 day prior
to suspension, last day of a 6-week suspension period and 2, 4, and 6 weeks post suspension.
The muscle stress-strain dynamics will demonstrate the regions of muscle most affected by

visualization and quantification of atrophy and the corresponding susceptibility to strain inju_.

Development of the MRI technology used in this study should be useful in future studies to test
the efficacy of a wide range of exercise countermeasures by providing an objective measure of

changes in'stress-strain properties and recovery of these parameters following muscle atrophy.
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Robert W. Wiseman, Ph.D.

Michigan State University

Ca +-"Homeostatis and Muscle Phenotype: Role of

Cellular Energetics

Project Executive Summary

Exposure of skeletal muscle to space flight results in a significant loss of mass and a shift in the

phenotype from slow to fast muscle isoforms. To a limited extent, astronauts are able to
ameliorate this remodeling of muscle tissue through exercise. If the mechanistic link between

physiologic function and phenotype were better understood, design of countermeasures using
combinations of exercise protocols and pharmaceuticals could be employed to increase the

efficacy of training while on space missions. We propose that altered physiologic function

signals the initiation of the remodeling process through Ca +2 sensitive transcription factors

(CSTFs) which are activated through changes in two homeostatic processes: mitochondrial ATP

synthesis and sarcoplasmic reticulum (SR) ATPase Ca +2 handling. It is our assertion that

alterations in phenotype in response to changes in load bearing or any other metabolic stress

involves processing information from the physiology in the form of feedback from these two
homeostatic processes. We use an integrative approach to study this problem in isolated

superfused skeletal muscles using a combination of non-invasive techniques (31P-NMR and

fluorescence spectroscopy and mechanics_ and molecular techniques. In the first Aim we
determine the sensitivity of cytosolic Ca +` handling to metabolic loads induced by electrical

pacin_ and metabolic inhibitors. In the second aim we test the response of CSTFs to alterations
in Ca - homeostasis using ionophores, SR ATPase inhibitors as Well as the metabolic stresses we

develop in Aim 1. We believe once the mechanistic link is established that we may be able to

design countermeasures to mask the loss of mechanical loading by direct manipulation of

cytosolic Ca _2 and more effectively stave off the changes occurring in limb musculature.
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GaD" Aston-Jones, Ph.D.

University. of Pennsylvania School of Medicine

Stress, Performance and Locus Coeruleus

Project Executive Summary

Original Aims - The original aims of this project were: 1. Analyze the activity of brain stem

noradrenergic locus coeruleus (LC) neurons during a continuous performance task, 2. Determine
the effects of acute and repeated stress on changes in LC function and performance, and 3.

Identify pharmacological countermeasures to mitigate stress effects on LC activity and
attentional function.

Key Findings-

I. Development of a continuous per/brmance task.for the rat. We developed a target

detection continuous performance task that rats can learn rapidly. This task mimics many of the

attributes of the target detection task in our previous studies in monkeys in which LC activity

appears to play a major role. Rats initiate each trial by pressing one lever, and then must
discriminate between two signal lights to determine if the one illuminated is a target or non-

target. If the target signal light is illuminated the rat must press a second lever to obtain food
reward. If the nontarget is illuminated he must withhold responding with no reward and await the

next trial. Targets occur randomly on 20% of the trials. This task will be the means by which we

measure performance abilities and changes therein induced by stress and pharmacologic

treatments.

2. E(fects Of stress on pepjormance in the target detection task. To date we have tested only'
acute noise stress on performance of this task. Results indicate that white noise during task

performance at 90 db significantly increased responding to the non-target stimulus (false alarm
(FA) errors) in this task. Interestingly, this effect habituated rapidly, so that subsequent
administration of 105 db did not influence performance. Chronic stress (planned for this 5ear)

may' be needed to see continued performance deficits. The alpha2 adrenoceptor agonist clonidine
(which decreases LC-NE neurotransmission) at 8 mg/kg reduced the FA error rate seen with 90

db noise stress. Higher doses of clonidine (25 mg/kg) produced sedation. These preliminary

experiments require confirmation with additional studies, but the)' suggest that the NE system

may be involved in stress effects on performance in this task.

3. Effects ¢_f idazoxan on pe_;/ormance in the target detection task. The alpha2 adrenoceptor

antagonist idazoxan increases firing of LC neurons and release of NE from LC terminals. Our
view of LC's role in performance predicts that this agent should worsen pertbrmance on this
task, with increased FA errors (as observed in monkey LC neurons during periods of high tonic

LC activity). Systemic idazoxan had no effect on two rats that were pertbrming marginally in the
task (i.e. a 30% false alarm rate). However, this compound markedly increased false alarms in

both of the rats that were performing exceptionally well and had low baseline false alarm rates in

the absence of the drug. Although preliminary, these results are consistent with the view that
moderate levels of tonic LC activity are critical tbr maintaining focused attentiveness to task

stimuli and performing optimally, and that behavioral performance declines when tonic I_,C firing
rates are increased. We speculate that the lack of an effect of idazoxan in rats with marginal
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baselineperformancereflectsthe invertedU relationshipdescribedby the PI for therelationship
betweenLC activity andperformanceon sucha task.Thus,in theseratsthe poor performance
pre-drugmay have beendueto a high level of baselinetonic LC activity, placing themat the
right of the invertedU relationship.Thispre-existingheightenedLC activity couldhavecreateda
ceiling effect that preventedidazoxanfrom further increasingLC firing ratesand disrupting
responses.

4. Role of theLC in circadianregulationof sleepandwaking.Weexpandedourprogramto
includeanalysisof the role of LC in effectsof sleepdeprivationon performance.We took this
stepbecausesleepdeprivationis oneof the largeststressesaffectingtheastronaut,andthereare
well-establishedeffectsof sleepdeprivationonperformance.Forthis,considerabletechnological
developmenthasoccurred.We implementeda telemetrysystemfor recordingEEG,EMG, body
temperatureand locomotor activity in freely moving, untetheredrats. This systemproduces
robust sleepmeasuresover long periodsof time. We have also developeda mechanismfor
producingsleepdeprivation,consistingof a slowly rotating wheel that the rat is within. This
device allows accessto food and water and also contains levers and stimuli to allow task
performanceduringthe sleepdeprivationperiod.We will usethis systemto depriveratsof sleep
at different times of their circadianrhythm andexamineeffectson performance.We will then
analyzeeffectsof manipulatingthe LC systemon the pertbrmancedeficitsproducedby sleep
deprivation.

Impact of these findings - The development of a target detection task for the rat now allows us to
test the effects of stressors on a type of performance important in space missions. This model will

also allow analysis of the effects of manipulations of the brain NE system of the LC in these

stress effects to facilitate development of countermeasures that should facilitate performance in
the face of stress. We found that acute stress increases FA errors in this task, and that decreasing

neurotransmission in the LC system with clonidine may offset this effect. Accordingly, we also
found that increased NE neurotransmission (with idazoxan) in non-stressed animals worsens

performance on this task by producing the same type of errors (FAs). These results indicate that
the LC-NE system may be a valid target tbr development of countermeasures to the effects of

stress on performance. Finally, we have developed a device to sleep-deprive rats and measure

effects on performance in this task. This will allow analysis of this important stressor on
performance, and the ability of manipulations of the LC system to offset such stress effects on

performance.

Proposed research plan for next year- Studies will continue in the areas described above to

confirm findings to date. In addition, new studies will be undertaken to examine the effects of
chronic noise stress, as well as sleep deprivation stress, on performance. The ability of

manipulations of the LC-NE system to offset these stress effects on performance will be
determined.
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Joseph Brady, Ph.D.
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Psychosocial Performance Factors in Space Dwelling

Groups

Project Executive Summary

The original aims of the project were the development and laboratory testing of a simulation

approach to providing an automated means for research analysis of performances in space-

dwelling groups as well as monitoring electronically the effects of varying experimental

conditions that influence psychosocial interactions. The significance and relevance of the
research resides in the potential for conceptual and methodological advances that not only

promote psychosocial and ecological stability in small isolated space-dwelling groups but may as

well ultimately benefit larger societal units, including those that remain Earth-bound. by

enhancing educational and training technologies that facilitate communication of an expanded

generalizeable knowledge base.

With the shift in focus to long-duration manned spaceflight missions, planning strategies and

tactics as they relate to the behavioral biology science and technology support base require
reorientation and an essential change in emphasis. Whereas screening, selection, and training

have been the hallmarks of demonstrably successful short-term manned space flight initiatives to

date, the integration of behavioral and environmental programming systems "in flight" over

extended mission durations must clearly be a priority concern in future spaceflight operations.

Virtually all human life support functions (e.g.. sleep and wakefulness, nutrition and fluid

balance, work and emergency performances, organizational functions, social and recreational
activities, etc.) will require operational definition in terms of behavioral interactions between

organism and environment under conditions involving time series changes over both short and

long duration intervals. A science-based technology tot systems management, monitoring, and

program control of such behavior/environment interactions is as essential to insure the success of

long-duration manned spaceflight missions as is the hardware and softwear technologies that

make such initiatives possible.

Simulations are at best approximations and all essential features of theoperational setting cannot

be replicated. Superordinate objectives and ultimate aversive consequences are, of necessity, less

compelling under laboratory circumstances, and many organizational and sociopolitical issues of
critical concern in considering the needs of projected long-term space-dwelling groups must

await more advanced phases of such an investigative endeavor. But the obvious benefits of

obtaining valid and reliable answers to at least some of the operational questions of critical

concern in planning and carrying out projected extended manned space missions (e.g., command
structure and functions, group performance effectiveness, work and social interactions, etc.) far

outweigh the proportional costs when the magnitude of the resource investment required for
these initiatives is taken into account. And even if these extended duration human operations in

space were to be postponed well into the future, the lead time to get our ducks in a row on these

behavioral biology requirements clearly emphasizes the need for long-term human studies under

experimentally controlled laborators' environmental conditions.
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Research progress during this first award year has focused upon the development of the

programming sofiwear for the initial three-person crew simulation of the planetary exploration

mission involving an Orbiter/Lander/Rover model. Progress to date on this initial critical phase

of the research project includes completion and installation of both the communication software

and expeditionary simulation softwear on the networked simulated crew stations. In addition, the

computer hardware architecture has been delivered and assembled to permit interactive
communication and expeditionary system pre-testing between the functional networked crew

stations.

Construction of a specially designed laboratory facility for the NSBRI Psychosociai Performance
Factors research project at the Institute for Behavior Resources Headquarters Building in

Baltimore City in the vicinity of the Johns Hopkins University Homewood Campus has also been

completed. The laboratory provides for three acoustically controlled workstations plus an

additional separate 'Mission Control' station for operational implementation of the simulated

Orbiter, Landen Rover expedition for planetary surface exploration missions.

Progress has also been made in the recruitment and training of essential professional and

technical support personnel for computer system maintenance and troubleshooting as well as the

personality testing and evaluation phases of the project. In addition, preliminary testing has

begun to calibrate the scenario difficulty, pretest the speed of solutions by typical groups, trouble-
shoot the instructions and the task effectiveness questionnaires_ and assess the inherent variability

of the group decision processes. During these pretests, the scenario is undergoing modification

as necessary and finalization, the reliability and validity of measurements is being verified, and

the performance rates that characterize group participants" approach are determining the kind and
extent of scheduled pretraining required before the start of an experiment. The effects of the time

pressure stressor that involves interruption of the on-going task (e.g.. to perform a radiation

protection drill to avoid a hazardous event) are also being pretested. These preliminary tests will
determine the range of task interruption times that represent love' and high levels of stress. It is

anticipated that four to six groups will be required for this preliminao' testing invoh'ing tweh'e to

eighteen participants betbre formal enrollment of experimental subjects for the six to twelve

research groups to be studied during the coming year.
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Lane J. Brunner, Ph.D.

The University of Texas at Austin

Effect of Space Flight on the Pharmacokinetics of

Psychotherapeutic Agents

Project Executive Summary

The physiological changes that have been shown to occur during space flight may potentially

alter the pharmacokinetics and pharmacodynamics of drugs administered to crewmembers. The
rate and extent of drug absorption from the gastrointestinal tract following oral administration

depend upon gastric emptying, gastrointestinal fluid volume, interaction with components of the

gastrointestinal tract and mixing. The extent to which a drug distributes proteins, red blood cells
or other blood components (dependent upon both drug and component concentration), binding to

tissue proteins, and the actual perfusion of tissues by the blood. Drug elimination is dependent

upon organ perfusion, primarily the kidney and liver, as well as binding to various blood
components. While these pharmacokinetic characteristics of drugs have been well studied under
normal conditions and the influence of disease states, age, sex, etc., investigated, the effects of

space flight and zero gravity on such parameters are unknown. Since the therapeutic effect of a

drug is related to its absorption, distribution and elimination, knowledge of the effects of space

flight on these parameters is essential for rational use of therapeutic agents during space flight.
This issue will be of particular importance during long-term space flights where the likelihood of
medication use for such illnesses as depression, anxiety, and other psychogenic disorders will

greatly increase.

A long-term objective of these studies is to determine the effect of space flight on drug

pharmacokinetics and pharmacodynamics and the underlying physiologic processes. The present

proposal will investigate the effect of space flight on gastric motility and drug absorption through
the examination of the absorption profile of the anti-anxiety drug, lorazepam before, during, and

after space flight to estimate alterations in gastric emptying rate. In addition, lorazepam

pharmacokinetics will be examined following both oral and intravenous dosing. The absorption,
distribution, metabolism, and elimination profile of the anti-depressant, venlafaxine, before,

during, and alter space flight will also be studied to determine the effect of zero gravity on the

pharmacokinetics of this model compound. These data together will address the effect of space

flight on the disposition of these therapeutic agents and how future dosing regimens of these and

other agents should be determined during actual space flight to maximize effectiveness and

minimize toxicity.
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James Carter, Ph.D.

Dartmouth College

Designing a Smart Medical System for Psychosocial

Support

Project Executive Summary

Psychosocial problems in the Russian and American space programs have led to poor

productivity, interpersonal tension and even mission termination. Both depression and

interpersonal conflicts have been significant problems in isolated settings in space. Diagnosing,

treating, and preventing these problems is challenging, since psychological services are

unavailable on most space missions. Additionally, acknowledging psychosocial problems can

stigmatize the crew and confidentiality is difficult to maintain. Recent work has demonstrated

that computer-based systems can be used for self-diagnosis and treatment of psychosocial

problems. Recent studies show that mental health patients respond more openly to questions

posed by a computer system than by mental health professionals and that, for minor depression
and anxiety, computer-based treatment can have efficacy comparable to live treatment. We

propose to develop a Smart Medical System for Psychosocial Support (SMS-PS) prototype.
including the systems infrastructure and basic functions of 3 modules, including self-diagnosis of

psychological problems, treatment of depression, and conflict management. The SMS-PS could

subsequently be expanded to include numerous additional modules for diagnosis, treatment,

patient management, and prevention of an}' possible psychosocial problems that might arise on

space missions. The prototype would apply IML's Virtual Practicum model, creating an
immersive, welcoming environment in which to seek assistance lbr psychosocial problems. The

interface of the system would be flexible, depending on crecy's needs. For crewmembers seeking
assistance, the Interactive Media Lab's (1ML's)"Virtual Practicum'" model could be applied.

presenting a realistic, immersive environment, such as a "'Virtual Space Station." with a warm.
"'human" feel crewmembers seeking rapid access to guidance or information the SMS-PS could

take the form of an easily-searchable, cataloged database. F,valuation of the program will guide

the expansion and complete development of the SMS-PS.
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David Dinges, Ph.D.

University. of Pennsylvania School of Medicine

Optical Computer Recognition of Behavioral Stress

Project Executive Summary

The goal of this project is to develop and test an optically based computer recognition algorithm
of the face to reliably detect the presence of stress during performance demands. Manned space

flights of increasingly longer durations are being planned. There is evidence from U.S. and

Russian space missions that astronauts and cosmonauts have experienced operational stressors

that adversely affected subjective well-being, physiology, and performance capability. In order to

provide countermeasures for stressor-induced impairments in astronauts, objective, unobtrusive
measures of the presence of stress reactions are needed. This project seeks to achieve such a

measure, through a collaboration between two established laboratories at the University of

Pennsylvania--one with expertise in the evaluation of behavioral and physiological responses
under stressful and non-stressful conditions (Prof. D. Dinges, Department of Psychiatry,, Unit for

Experimental Psychiatry), and the other with expertise in optical computer recognition of human

subjects' facial expressions and gestures (ProtL D. Metaxas. Department of Computer Science,

Vision Analysis and Simulation Technologies).

Astronauts aboard extended-duration space missions will endure the harsh space environment

and the effects of various stressors (e.g., microgravity, perceived risks, work requirements,

habitability constraints, radiation, restricted communication with Earth) to a much greater degree
than have been experienced previously. Maintaining individual neurobehavioral functioning of
astronauts will be vital to assuring mission success, itowever, in order to provide

countermeasures for stressor-induced, physical and functional impairments in astronauts,

objective measures of the presence of heightened stress reaclions are needed. The earlier that

stress reactions (regardless of their operational, psychosocial, or neurobiological source) can be

detecled, the greater the probability that an appropriate cotintermeasure strategy' can be

implemented (e.g., rest, pharmacology, behavior). In the absence of objective detection of

developing stress reactions, it is unlikely that countermeasures for stress impairment of
astronauts can be managed. Many techniques for monitoring stress reactivity in space flight are

impractical (e.g., cortisol measurement), unreliable te.g., self-report), or obtrusive. However,
unobtrusive, continuous video monitoring of the human face during neurobehavioral tasks, offers

a potential solution to these problems. Consequently, this project will provide the first scientific
test of the use of optically based computer recognition of the lace to unobtrusively' and reliably

detect the presence of stress during laboratory performance demands.

The proposed computer-based optical recognition system will build on the research of Prof.
Metaxas by utilizing automatic optical tracking of human subjects" anatomical and motoric

changes in facial expressions during non-verbal performance tests. Video input to the system will

be provided from experiments performed in the laboratory of Prof. Dinges. in ,_vhich health}
adults (males and females of different ethnic backgrounds) will be exposed to behavioral
stressors to increase the likelihood of developing a sensitive algorithm.

The aim of the protocol is to experimentally establish whether an optical computer recognition

algorithm based on facial expression can be developed that can objectively, independently and
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reliably discriminate when subjects are undergoing behavioral stressors, and whether a high

degree of accurate categorization can be achieved for both male and female subjects; for both

younger (22-32 years) and older (33-45 years) subjects; and for subjects of different ethnic

backgrounds. Further, in exploratory and heuristic analyses, we will evaluate the effects of
behavioral stressors on physiological responses of cortisol secretion and heart rate, on

psychological responses of self-report ratings of stress and mood, and on neurobehavioral

performance responses; and explore the extent to which the magnitude of the stress response as

assessed by these measures relates to the accuracy of the optically based computer recognition

algorithm of the face.

A single-blind, repeated-measures cross-over, controlled trial will be used to achieve these aims

and to provide the data required to test the hypothesis that an objective, unobtrusive, optically
based computer recognition algorithm of the face can be developed to reliably detect the presence

of high stress (and of low stress) during performance. A total of 60 healthy adults will be studied
in the Unit for Experimental Psychiatry laboratory (Dr. Dinges) during three sessions: I-- .

screening session: lI--training session for development of the optical computer recognition

algorithm; and IIl--prospective test session of the predictive utility of the optical recognition
algorithm to discriminate high versus low stressed states associated with behavioral stressors.
Stress reactions will be tracked during both control (low stress) and high stress conditions in

sessions II and III, by measurement of saliva_' cortisol, heart rate, subjective mood/stress

responses, and neurobehavioral performance. Videos of subjects" faces in the low and high stress
conditions of session II will be used by the Vision Analysis and Simulation Technologies

laboratory (Dr. Metaxas) to develop a predictive optical algorithm that vdll be tested blind to

stressor level (i.e., high vs. low) in the behavioral stressor conditions of session lI1.

The experiment is designed to test the hypothesis that an optical computer recognition algorithm
can be used to discriminate when subjects are undergoing behavioral stressors, as defined by
established stress-related changes in cortisol secretion, heart rate. subjective reports, and

pertbrmance.
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Nick Kanas, M.D.

Northern California Institute for Research and

Education

Psychosocial Education (PSE) Training for ISS

Missions

Project Executive Summary

Previous studies suggest that changes occur in the interpersonal environments of crewmembers

and mission control personnel during long-duration space missions that influence performance

and well being. The objective of this proposal will be to evaluate the effectiveness of our new

Psychosocial Education (PSE) training program, which is aimed at optimizing crew and ground

safety, well being, and performance. It will consist of two parts: a 5-hour PSE pre-launch

training session and two 30-minute PSE Post-launch training sessions.

Five ISS crews and their associated mission control personnel will receive the PSE training.

Following their missions, these subjects are expected to exhibit: ! ) less overall tension, 2) more
overall cohesion, 3) more leader support, 4) less displacement of group tension and dysphoria to

outside personnel, 5) less negative interpersonal impact from cultural effects, 6) less tendency
toward 2nd half increases in tension and decreases in cohesion and leadership support, and 7)

more expressiveness and personal growth relative to the subject responses from our previous
Shuttle/Mir and ISS investigations.

All subjects will complete standard mood and interpersonal group climate questionnaires, a

critical incident log, and a culture and language questionnaire. The culture and language

questionnaire will be administered once before each mission. The other measures will be

completed on a weekly basis before, during, and after each mission: will take 15-20 minutes to
fill out: and will already be in use onboard the ISS. In addition, the subjects will be given a semi-
structured interview within a month of their return evaluating the usefulness and effectiveness of

the PSE training. The effectiveness of the PSI£ training also will be evaluated descriptively by

comparing the interpersonal environment of these crews with the group climate reported in our

previous Shuttle/Mir and current ISS studies.
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StephenKosslyn, Ph.D.
Harvard College
Quick Assessmentof BasicCognitive Function: Blood
PressureCuffs for theMind

Project Executive Summary

It is unclear what effects prolonged microgravity will have on human cognitive function.

Moreover, it is unclear how such effects will interact with other variables that affect our

cognitive abilities, such as the lack of sleep. The present proposal is aimed at developing a new
set of tools, which are analogous to "blood pressure cuffs" for the mind. The general goal is to

develop tasks that can be self-administered very quickly to obtain an objective assessment of the
state of basic cognitive processes. The specific goal is to develop two kinds of tasks. The first

will be computerized versions of 12 "standard" tasks from cognitive psychology, which tap a

range of basic cognitive abilities. The second will be ve_ r short versions or variants of these
tasks. Our aim is to design short, easy-to-administer variants that best capture the processing

differences indicated by the scores on the standard tasks.

We will administer both sets of tasks to 50 subjects. After this is accomplished, we will correlate

performance on the two versions, and redesign all short version tasks that correlate less than
r=.80 with the standard version. A new group of 50 subjects will be tested on the redesigned

short versions and corresponding standard versions. This process will be repeated until criterion
is reached for all tasks. We will then perform factor analysis, multidimensional scaling, and

hierarchical cluster analysis on the data from both versions separately: the purpose of these

analyses is to validate that the tasks do in thct tap different underlying processes, and that the

short versions tap the same underlying processing as the long versions.
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Philip Lieberman, Ph.D.

Brown Universi_

Speech Monitoring Cognitive and PersonaliD'

Alterations

Project Executive Summary

Our long-term goal is a system that will detect cognitive deficits, changes in personality and
emotional disturbances occurring during prolonged space flight by means of acoustic measures of

a person's speech. The system that we propose would monitor the flow of normal conversation,

deriving relevant acoustic parameters using automated computer-implemented procedures that
we will develop and verify in the study that we now propose. We will study the speech and

behavior of individuals in a "space-analog?' as well as patients suffering neurodegenerative

diseases. These populations, to different degrees, exhibit degraded neural processes regulating

these behaviors, that may also be compromised in space.

Our previous studies demonstrate that certain cognitive deficits can be monitored by means of

objective acoustic measures of speech (Lieberman et. al., 1992, 1994, 1995: Pickett, 1998:
Pickett et al., 1998; Lieberman, 2000). Other studies suggest that speech measures may provide

indices of personality alterations. Advances in neuroscience show these dependencies reflect the
neural architecture of the human brain. Dopaminergic, subcortical basal ganglia structures

regulating speech motor control also support cortico-striatal neural circuits regulating cognition.

Altered activity in these circuits can result in apathy, irritability, disinhibition, mood changes and
obsessive-compulsive behavior (Alexander et al.. 1986: Laplane et. al., 1989: Cummings, 1993:
Marsden and Obeso, 1994). Given the possibility of cosmic ray damage to cerebral dopamine

pathways during long space missions, noninvasive, unobtrusive monitoring of space crews by
means of speech analysis may be prudent and useful. We propose a two track approach to

achieve timely development of an operational system.

We will obtain data using the "space-analog'" studied in our previous NASA sponsored project,

climbers ascending Mount Everest. The expeditions members selected will be a reasonable

match to space-flight crews: extremely fit, highly motivated, and intelligent. It would be difficult
to otherwise ethically reproduce the hypoxic insult, high levels of stress resulting from a life-

threatening environment, and the resulting group interactions that occur on Mount Everest.

Prolonged exposure to extreme altitudes during the Everest climb produces speech production

and cognitive deficits (Lieberman et. al., 1994, 1995) similar in nature to those occurring in
Parkinson's Disease, which degrades dopaminergic cortico-striatal circuits (globus pailidus, the

principal basal ganglia output structure, is sensitive to oxygen deprivation). Whereas our 1993
study tbcused on one acoustic parameter derived from isolated test words, we propose to develop

and verify techniques that will allow us to analyze conversational speech. Moreover, we will
derive additional acoustic parameters that have been associated with cognitive-linguistic deficits

in our subsequent studies (Pickett et al. 1998; Lieberman, 2000). We also will assess changes in

mood and personality and speech measures that may' track these changes. In addition, we propose

to stud,,' a population having more extreme compromised dopaminergic circuit function similar in
nature to that which may occur in space, Parkinson's Disease patients.
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Judith Orasanu, Ph.D.

NASA Ames Research Center

Distributed Team Decision Making in Exploration

Missions

Project Executive Summary

Background and Project Goals
Successful long-duration space missions will depend on the ability of team members (both space

crews and ground controllers) to respond to unanticipated problems and to collaborate effectively

under highly stressful conditions. In addition to environmental threats (radiation, microgravity)
and task-related stressors (time pressure, danger, workload, and fatigue), crews are subjected to

psychosocial stressors such as confinement with the same small group of people, lack of privacy

and personal space, isolation from family, and restricted or delayed communication with Earth.

During prolonged space missions, these psychosocial stressors could well threaten the

psychological well-being of the individual astronaut and limit crew effectiveness. While
crewmembers are highly selected and technically skilled, "the history of space explorations has

seen many instances of poor interpersonal relations and faulty decision making" (Committee on

Space Biology and Medicine, NRC, 1998). As a result, NASA has concluded that interpersonal
difficulties could well threaten the success of long-duration space missions (NASA Critical Path

Analysis, [http.//criticalpath.jsc.nasa.gov], NSBRI-99-02). Interpersonal relationships are of

particular concern as crewmembers become more diverse in terms of culture, gender and

professional backgrounds. Tensions are likely to result from miscommunications and

misunderstandings based on differing cultural norms and expectations.

The goal of our project is to understand how team problem solving and decision making are

affected by task-related and psychosocial stressors similar to those that may be encountered in

space. Results of the study will yield a basis for (a) designing or revising procedures, training

practices, and technologies to support effective team performance, and (b) developing

technologies for monitoring and predicting breakdown of team interactions so that
countermeasures may be introduced before team dynamics deteriorate to the point of threatening
mission success. Five specific questions will be addressed in our studies: (1) What is the impact

of task-related and psychosocial stressors on decision making and interactional behaviors in team

problem solving situations? (2) What task and team strategies are most effective in performing
collaborative work? (3) How do gender and cultural background influence decision making

strategies and team interactions? (4) Are there physiological and biomedical indicators that

predict individual stress and deteriorating team interactions? (5) Are these measures robust

across gender and national group?

Approach
A set of experiments will be conducted to answer these questions. Teams of four participants will

work together on a computer-based dynamic decision making task. While participants are

working on the task, we will monitor their physiological responses and facial expressions tbr

signs of mental and emotional stress. Participants" physiological arousal levels and facial affect

will subsequently be correlated with individual and team performance in the decision making
task. The distributed decision making task used in our studies involves a simulated search and
rescue mission in Antarctica. The simulation presents graphical displays of evolving problem
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scenariosand supports communicationamong team membersvia e-mail messages. The
simulatedmission will enableus to examinecollaborativebehaviorsamongteammembersin
two phasesof the task: (a)duringplanning of how to go about locating the lost party, and (b)

during executing the search task under a variety of task constraints such as time limitations,

unexpected obstacles, and unreliable information. The software will also permit manipulation of

a variety of potential stressors in two categories: Task D!fficul_ and Team Conflict.

Accomplishments and Key Findings - Year One
Scenario Developed for the simulated search and rescue mission. Aptima Inc. developed a

prototype scenario for the search and rescue task. This prototype was tested in our lab for

usability and software problems. A number of changes concerning the display and the search and
rescue task have been requested of Aptima and are currently being incorporated. The first

scenario in its four versions is expected to be completed and delivered to NASA Ames by the end

of August. Two versions of the scenario will be designed to induce cooperation between team
members and will vary in task difficulty (moderate and high). The other two versions will
include variables to induce team conflict (again, one of moderate and the other of high task

difficulty). Two additional scenarios (lbur versions of each) will be developed and delivered by

September 30, 2002.

Laboratory Established. All the computer and video equipment necessary for our research has

been purchased and set up. Four individual work stations have been connected through a local
area network to enable team members" cooperation during the simulated search and rescue task.

Physiological monitoring devices (Biologs developed by UFI) available at NASA Ames
Research Center have been adapted for use in our experiments. Equipment and software required

to time-stamp and coordinate the recording of dependent measures from various sources (i.e.,
behavioral, physiological and facial affect measurements) have been acquired and are currently

being tested.

Physiological Measures. The biomedical literature was reviewed to identify physiological

measurements that might be useful for analyzing mental and emotional stress. Seven candidate
measurements were selected and included in a preliminar3. stud}' to determine which of them

were most sensitive to low levels of emotional and mental stress and thus best suited for earl}'

detection of stress. We also sought to reduce the number of measurements from seven to four in

order to minimize subject discomtbrt. A final issue was whether physiological measurements
taken at alternate locations on the body would provide meaningful data while allowing subjects

maximum movement and comfort.

Physiological data were collected while participants, four health}' adults aged 21-39. engaged in a

commercially available active video game intended to activate the sympathetic nervous system.

Each trial began with five minutes of relaxation time, followed by 60 minutes of playing the

video game. Upon completion of the game, the subjects were again given five minutes of
relaxation time. In order to maximize movement and comfort and to receive stronger signals, the

PPG electrodes were moved from fingers to earlobe. EMG electrodes were moved from the
lower arm to the neck muscles, and SCL electrodes were moved from the hand to the foot.

Analyses of the sensitivity of the physiological measures while crews engaged in a stressful task

compared to rest periods indicated that ECG (R-R interval, Heart Rate), EMG (frequency power

spectra and the amplitude within the band width of 10-25 Hzk respiration (frequency and
amplitude), temperature and SCL (trend measuremcnts) proved to be the most useful

measurements for assessing mental and emotional stress at a low level.
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Implications
• Findingson the effectsof stressorson teamperformancein a dynamicchallengingtask will
extendthe researchbaseon stress and behavior. Types of performance that may be affected

include problem solving task performance, communication, and cooperative behaviors.
• The combination of selected physiological measures and facial affect measurements (described

below) may yield a powerful instrument for assessment of low level mental and emotional stress.

If successful, this tool could lead to early introduction of countermeasures, and thus prevent

development of high levels of stress and deterioration of team performance.

• Positive stress-coping behaviors in a distributed problem solving task will be extracted from

our findings. These will serve as a basis for developing interactional and strategic behaviors for

managing challenging team tasks. These will include communication, team support, cooperative

and self-monitoring behaviors that can serve as the basis for countermeasure training.

• We anticipate testing laboratory-based task and stress-management techniques in non-

laboratory conditions, such as simulations of long-duration missions involving multi-cultural

crews (e.g., NASDA or ESA studies). Our goal is to adapt the tools so that they can be used by

crews as self-monitoring and management systems.

Proposed Activities for Year Two
Facial Affect Coding. Our next research steps will include the synchronization of the selected

physiological measurements with video recordings of facial expressions. We plan to focus on

facial actions related to typical expressions of basic emotions. While each national culture has a

different body language and behavior, facial expressions are relatively stable across cultures. For

example, researchers at the Japanese Space Agency have successfully used the facial action

coding system (FACS) developed by Paul Ekman (1971) to examine facial expression during

long-term missions in the ISS. Based on experts" recommendations, we plan to use Ekman's
emotional facial action coding system (EMFACS) as a basis for our analyses.

Data Collection. During the fall and early winter 2002, we will test the effectiveness of the task

difficulty and the crew conflict manipulations, the reliability and validity of performance
measures, and of our physiological and behavioral monitoring tools. These tests will be done

with homogenous teams made up of US participants.

Full-scale data collection will begin once the tools, tasks, and manipulations have been tested and

found to meet our requirements. Data collection will begin in the winter, 2002.

• The first study will address the effects of task manipulations on team performance using

culturally homogenous teams. Teams will consist of all male subjects born in the US. Task

difficulty' and team conflict will be the independent variables in this stud}'. Task difficulty

will van' within team, while team conflict will vary between teams.
• Cultural diversity in teams will be examined in the second set of studies. Participants will be

sought who are from countries that will participate in the 1SS: Russians. Japanese, Canadians.
Europeans and Americans. Only male subjects with technical training similar to mission

specialists will be used. Teams will be configured as either culturalb homogeneous or

culturally diverse.
• Gender variation will be introduced in the third set of studies expected to begin at the end of

year two.
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JoAnna Wood, Ph.D.

Baylor College of Medicine
Individuals and Cultures in Social Isolation

Project Executive Summary

The proposed research is designed to study the roles of personality, culture, and group influences
on behavior, performance, and health outcomes in winter-over Antarctic research stations. These
remote and isolated habitations provide an environment analogous to long duration space

missions, such as those planned for the International Space Station and eventually a piloted

expedition to the planet Mars. The ultimate objectives of this project are to:

1. Increase our understanding of the effects of personality, culture, and group characteristics on

both individual and group performance in extreme environments.

2. Identify those elements of leadership that maximize crew functioning in extreme
environments.

3. To understand how individual and group factors affect physical health under prolonged

stress.

We will examine changes in weekly self-assessment of individual and group adaptation, monthly
levels of several neuropeptides, and other health outcomes, as a function of individual

(personality, demographic, personal history) and group characteristics (leader traits, culture mix,

group tensions) and local events. This study will use Hierarchical Linear Modeling to partition
variance in our dependent variables among relevant individual, group, and time factors.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Neurovestibular Adaptation

Jacob J. Bioomberg, Ph.D.

NASA Johnson Space Center

Understanding Full-Body Gaze Control During

Locomotion

Project Executive Summary

Locomotion is a complex task, demanding coordination of the eye-head, head-trunk and the

lower limb locomotor apparatus. During locomotion the performer must satisfy two performance
criteria: maintain stable forward translation and stabilize gaze (the direction of the eye with

respect to space). Fulfilling both criteria places substantial demands on multiple sensorimotor
subsystems for precise coordination. After space fight astronauts experience locomotor

dysfunction because these multiple subsystems are altered. Traditionally, gaze stabilization has
been studied almost exclusively as a problem of eye-head or eye-head-trunk coordination.

However, coordination among the eye, head and trunk may not be the only mechanism aiding

gaze stabilization during locomotion. Another important factor is the regulation of energy flow
or shock wave transmission through the body at high impact phases with the support surface like
that which occurs at heel-strike. Allowing these excessive transmissions of energy to the head

may compromise gaze stability', leading to oscillopsia and decreased dynamic visual acuity.

Specific coordinated actions at the lower limb may contribute to attenuation of the shock wave to
the head. Thus, stabilized gaze during natural body movement results from full-body

coordination of the eye-head and head-trunk systems combined with the lower limb apparatus.

From this point of viev,', the whole body is an integrated gaze stabilization system, with several

subsystems contributing to gaze stabilization during body motion. For this investigation, we
propose to systematically' alter each gaze stabilization subsystem (eye-head. head-trunk and lower

limb apparatus) to determine how they interact to preserve visual acuity' during locomotion, in
this manner, we can observe the emergent full-body coordination patterns resulting in appropriate

gaze stabilization during locomotion.

Therefore. thc goal of this study' is to determine how thc multiple, interdependent full-body
sensorimotor subsystems aiding gaze stabilization during locomotion are functionally

coordinated. Subjects will perform a gaze stabilization task during treadmill locomotion under

the following conditions: 1) before and after exposure to minifying and magnifying lenses to
adaptively modify' vestibulo-ocular reflex gain: 2) while wearing a neck brace that will induce a

head-trunk "strapped down" strategy, and 3) while wearing a knee brace that will result in an
increase in the shock-wave transmitted to the head during the high impact phases of the gait

cycle.

This information will enable a better understanding of the different aspects of full-body

coordination which function to preserve gaze stabilization during locomotion. This information

will lead to improved tests of post flight locomotion dysfunction that will enable the effective
evaluation of the efficacy of sensorimotor countermeasures used to mitigate the deleterious

effects of space flight on locomotor control.

107



RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

:PROJECT TITLE:

Neurovestibular Adaptation

John L. Dornhoffer, M.D.

Universi_' of Arkansas for Medical Sciences

Pharmacological Countermeasures for Space Motion

Sickness

Project Executive Summary

AlMS OF STUDY

Space motion sickness (SMS) is a problem during the first 72 hours of spaceflight and during
transitions from different gravity environments. To date, there are no effective drug
countermeasures that are able to combat SMS while allowing the individual to retain cognitive

integrity. This creates a dilemma for astronauts as full cognition is particularly important during

gravity transitions, such as take-off and landing. SMS is generally believed to be caused by a

sensory conflict due to unweighting of the otolithic organs; in other words, vestibular cues
indicate the head is stable while visual cues indicate the head is moving. Vertigo, on the other

hand, is due to under- or overstimulation of the semicircular canals. We hypothesized that the

vestibular dysfunction due to overstimulation of the semicircular canals by the rotary chair can

serve as a paradigm for SMS, thus enabling us to effectively test drug countermeasures while

using test batteries to determine the effect of these countermeasures on cognition. This stud','
addresses one of the main exploration-mission risk areas set forth by NASA in the Critical Path

Roadmap and represents a countermeasure readiness level of 6. Our aims are to:

Specific Aim 1. Determine the effects of 4 drug countermeasures (lorazepam. meclizine.

promethazine, and scopolamine) in alleviating motion sickness induced by vestibular stimulation
with a rotary chair. These countermeasures were selected based on our extensive clinical

experience with pharmacologic interventions for vertigo. Specific Aim 2. Determine the effects
of these countermeasures on cognitive performance and in counteracting the effects of rotation

(our SMS paradigm) using an Operant Test Batter)' (OTB) to assess effects on short-term

memory, learning, and time perception, and measures of the t'50 potential to assess effects on

arousal and distractibility (ability to filter out extraneous information, or sensor3.' gating).

Specific Aim 3. Use 3D oculography and unilateral otolith testing to determine the extent of
correlation between vestibular dysfunction induced by the rotat 3' chair and unloading of otolithic

organs due to 0 G. Studies are conducted at the Vestibular Function Laboratory in Antwerp.

KEY FINDINGS

Preliminary" results indicate a rank order of efficacy of scopolamine > promethazine > lorazepam

_- meclizine _ placebo, based on increase in duration of rotation post-treatment. Scopolamine

appeared to significantly increase both rotation time and time to onset of symptoms whereas

promethazine did not increase rotation time significantly but did result in a signiticant delay in

onset of symptoms.

P50 potential studies indicate that rotation does not affect level of arousal but does cause a deficit
in sensory, gating. Thus, an individual will exhibit increased distractibility from being spun in the

rotary' chair, our paradigm for SMS. None of the drug countermeasures affected arousal (P50

potential), and only meclizine was able to reduce the deficit in sensory gating produced by
rotation. However, more data is needed before these results are conclusive.
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The OperantTest Battery(OTB) indicatesthe DelayedMatching-to-Sample(DMTS) task, or
short-termmemoryandattentiontask,to be themostsensitive.This showedthat meclizinehad
no adverseeffects. Lorazepamcauseda decreasein accuracywhencombinedwith rotationbut
did not appearto elicit an effecton accuracyby itself; however,this countermeasurecauseda
decreasein responsespeedthat wasexacerbatedby rotation. Promethazineshowedaccuracyto
be decreased,but this effectwasnot madeworseby spinning. Scopolamineshowedaccuracy
wasnot decreasedby drug treatmentalone,but whencombinedwith rotation,accuracyat the
longerrecall delayswasdecreased(this effectwastheonly statisticallysignificantfinding noted
so far); however, scopolaminehad no effect on responsespeed.Thus, all of the noted
countermeasure/rotationeffectsfor scopolaminewereobservedin theaccuracymeasuresfor the
longerrecalldelays,suggestingarelativelyspecificeffectonshort-term/workingmemory.

Studiesat the Antwerp site suggestthe landmarkfinding thatthe reactionon medicationis not
necessarilythe samefor the different partsof the vestibularsystem(the semi-circularcanals
versusthe otolith organs). Promethazineled to a suppressionof utricular function,a declined
responsivenessof the horizontal semicircular canals, and to central inhibition whereas
scopolamineand meclizine did not reduceutricular sensitivity but did provoke a central
inhibition and a significant decline in horizontal semicircular canal function. Further
experimentsareneededto corroboratethesefindings.

In additionto theseresults,severaloff-shootstudieshavebeencarriedout which havepresented
someintriguing findings to augmentthe presentNSBR1stud)'. We are currently using the
PsychomotorVigilance Task(PVT) in a subsetof NSBRI subjectsto determinethe degreeto
which it is associatedwith our othermeasuresof cognitive function. Basedon resultsin these
subjects,weplanto addthePVT to ourNSBRI protocolasa measureof behavioralalertnessin
orderto furthervalidateour OTB findingsandP50resultsandto test for any learnedbehaviors.
Wehavealsoattemptedto assessthe individualotolith organs(utricle andsaccule)usinga new
clinical paradigminvolving off-axis rotationandmeasurementof the subjectivevisual vertical
(SVV), the ability of an individual in darknessto adjusta luminousline to true vertical at rest
and during rotation. Clinical assessmentof otolith organsis important to spacemedicine
researchdueto theinvolvementof theutricle andsacculein SMS. Resultsof thisprotocol in 20
healthyadult subjectsrevealedthatcertainsubjectshavea mild asymmetry(dominance)of the
otolith organs. Someof thesesubjectswith dominantotolith organswere able to spin in the
chair 2.5 to 3 times longer than thosewithout eardominance,indicating lesssusceptibilityto
motionsickness.This finding is intriguingas it offersa potentialscreeningtool for determining
susceptibilityto SMS. This conceptis now beingpursuedusingthe SVV/rotationprotocoland
the samestud)'subjectsenrolledon theNSBRI protocol. We hopeto find that thosesubjects
who couldspinthe longestpre-medicationon theNSBRIprotocolexhibiteardominance.

IMPACT
Our projectaddressesoneof the major spaceneurovestibularrisk areasidentified throughthe
Critical PathRoadmap: Impairedcognitiveand/orphysicalperformancedueto motionsickness
symptomsor treatments,especiallyduring/afterG-level changes(Risk Type Ill, Risk Rank 3).
We areaddressingthe critical question9.12: How effectiveareotherdrugs in providing fast
relief in missioncritical situationsanddoesthedrughaveunacceptablesideeffects,particularl)'
the short term effectson cognitivefunction?(Aims I and 2). With a countermeasurereadiness
level of 6, the resultsof our studywill leadto newcountermeasuresfor SMS that are readyfor
countermeasuredemonstration(levels 7 and 8). In addition, through the completion of this
study, we will have standardizedmeasuresof oculomotor function, postural stability, and
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cognitive performance(Aims 1, 2, and 3). Thesestandardsare crucial for establishingthe
effectivenessandquantifyingthesideeffectsof potentialdrugcountermeasures.

As our preliminaryresultsindicatescopolaminemay be the countermeasureof choice,with the
highestmeanpercentincreasesin durationof rotation (32.77%)and delayto symptomonset
(34.73%),future researchwill focuson optimizing delivery routesandoffsettinganycognitive
deficits. We hopeto collaboratewith Dr. Lakshmi Putchaof the JohnsonSpaceCenterto
developtheconceptof intranasaldeliveryof thiscountermeasure.

If our off-axis work revealsa correlationbetweeninnereardominanceandresistanceto SMS,
futurework will alsofocusondevelopingareliablescreeningparadigmfor astronautsusingoff-
axis rotation. This would tie in nicely with future scopolaminework as studieshaverevealed
that scopolamineis better asa preventiverather thanas a rescuecountermeasure.Thus, the
SVV/rotational paradigmcould be usedto determinethose individuals who would be most
susceptibleto SMS,andtheywould receivescopolaminepre-flight.

The resultsof our studywill also advanceearthmedicalresearchby determiningthe extentof
correlationbetweenrotary-inducedmotion sickness(i.e., vertigo) and SMS and developinga
testablemodel that integratesour currentknowledgeof both conditions. This mayultimately
help physicianstreat patients with balancedisordersrelatedto inner ear dysfunction. Our
findings at the Antwerp site strongly suggestthat there is a distinct differencein reactionto
medicationbetweenthe semi-circularcanalsand the utricular system. This canhave a great
impacton the pharmaceuticaltreatmentof dizzinessand vertigo since different management
mightbenecessarydependingonthesite(canalrelatedor otolith related)of thevestibularlesion.

In addition,theSVV/rotationalparadigmis alreadybeingutilized to diagnoseinnerearproblems
of patientsonEarth. Onepatientseenby theresearchteamin aneffort to diagnoseherproblems
with dizzinesswasenrolledon the off-axis protocol. Testing revealed a problem with her left

ear, leading to a diagnosis of crisis of tumarkin, an inner ear condition in which patients suffer

drop attacks. This condition, which eluded previous physicians, was documented in the patient's

otolith organs using off-axis rotation and the SVV/rotational paradigm.

Finally, demonstrating links between vestibular dysfunction and cognitive difficulties would be

an important discovery by allowing clinicians to better educate patients about how vestibular

pathology may affect their ability to concentrate and retain information. We would be better able
to educate people with jobs that require mental sharpness, in that they could be alerted to expect
difficulties as a result of their vestibular dysfunction. Our findings could also lead to future

research into different treatment modalities. Current treatment for peripheral vestibular

dysfunction includes the use of vestibular suppressants. Our findings may indicate that research
is also needed in the area of treating patients" cognitive difficulties, possibly via CNS stimulants.

PROPOSED RESEARCH PLAN

Over the next project year, we plan to conclude our enrollment and testing to give a total of 75

subjects for which data will be available. We plan to add the Psychomotor Vigilance Task (PVT)

to our NSBRI protocol as a measure of basic attentional processes (behavioral alertness) in order
to further validate our OTB findings and P50 results and to test for any learned behaviors. This

test is the gold standard for measuring pre-attentionai mechanisms rapidly and efficiently in a

number of military applications. The effects of rotation-induced motion sickness on PVT

performance will be compared and correlated with P50 potential and OTB measures, seeking to
validate the entire batte_, of tests, and determining which pharmacological countermeasure is
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optimal for decreasing symptom severity while not impairing performance. This also will make

our findings using the P50 potential (to assess arousal and pre-attentional status) and the OTB (to

assess higher cognitive function) more compatible with currently used measures of mission

performance, such as the PVT. We also plan to continue off-axis testing of the NSBRI study

subjects in an effort to show a correlation between otolith symmetry and susceptibility to SMS.
At the Antwerp study site, patient enrolment will continue and further testing will be done to

confirm or modify the preliminary findings, which suggest that the different parts of the

vestibular system (semicircular canals versus otolith organs) do not necessarily react the same to

medication.
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RESEARCH AREA:

PRINCI PAL INVESTIGATOR:

ORGAN !ZAT! ON:

PROJECT TITLE:

Neurovestibular Adaptation

Charles M. Oman, Ph.D.

Massachusetts Institute of Technology

Visual Orientation and Spatial Memory: Mechanisms

and Countermeasures

Project Executive Summary

When astronauts enter weightlessness, there is no sensation of falling, and normal simple head
movements do not elicit disorientation and oscillopsia the way they often do in vestibular

patients on Earth. However some astronauts experience persistent "inversion illusions", and
most crewmembers occasionally experience startling _'visual reorientation illusions" when they

leave their seats and float sideways or upside down. or simply even watch another person doing

this. The illusion results from a sudden realignment of the cognitive reference frame used for

spatial orientation, and a disorienting change in the subjective identity of interior surfaces (e.g.

ceilings seem like floors). As a result, crewmembers make reaching errors, and can even become

momentarily lost within the vehicle. These illusions - which crewmembers often call "the
downs" - are known to trigger space motion sickness. Zero-G disorientation is among the

primary biomedical risks of spaceflight as defined by NASA's Critical Path Roadmap.

The goal of this multi-institutional, multi-investigator NSBRI neurovestibular research project is
to better understand the process of visual orientation and spatial memory in I-G and 0-g, and to

develop countermeasures for these inflight problems. Our research also pertains to human health
on Earth, for example disorientation, spatial memory and navigation problems in vestibular

patients, Alzheimer's patients, and in the elderly. Our specific aims are to study:

Human visual orientation. To better understand static and dynamic visual orientation illusions

in 0-G by quantifying them in I-G. To determine holy visual frame, polarity, motion and

gravireceptor cues influence the direction of the subjective vertical, the response of the
oculomotor and motor control systems, stability of the visual world (oscillopsia), and how'

viewing one's own body, environmental brightness and color cues determine the subjective

vertical. (I. Howard, et al, York University)

Three-dimensional spatial memory and learning. To understand why astronauts have

difficulty making spatial judgments between modules with different visual verticals, by

quantifying how humans use visual cues in i-G to establish "spatial frameworks" within and
between adjacent visual environments. To develop a computerized technique for teaching generic

3-D spatial orientation and memory skills. To investigate and evaluate ISS allocentric coordinate

marking systems, and to develop a "'virtual porthole" display so trainees can learn to visualize the

spatial relationships of ISS modules and potential escape routes in three dimensions. (C. Oman,
et al, MIT/W. Shebilske, et al. Wright State)

Neural coding of spatial orientation in an animal model. To define how the preferred
direction of limbic system head direction cell depends on visual, vestibular, gravireceptive.

proprioceptive and motoric cues in a rat animal model during three-dimensional locomotion. To
understand how the vestibular system contributes to these head direction cell responses.

Ultimately. to develop a neurophysiological understanding of visual reorientation illusions and

spatial cognition in astronauts. (J. Taube, et al, Dartmouth).
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Over a three year period, we plan 17 research activities spanning these three aims, and NASA
Countermeasures Readiness levels 1-6. Some address the basic mechanisms underlying visual

orientation in humans and animals. Others resolve more applied questions directly related to

development of specific countermeasures. Recent findings and their implications:

Human visual orientation: We previously reported that the majority of gravitationally supine

subjects viewing the interior a furnished room which has been experimentally tilted 90 degrees
so that the visual frame and polarity cues align with their body axis experience a visual

reorientation illusion and feel subjectively upright, and if the hands are extended they feel

weightless. This year we found that if the subject is rotated (rolled) about the gravitational axis,
the movement increases the number of subjects who experience this levitation illusion. If left in

this visually tilted position, subjects feel tilted from the vertical, but underestimate the angle of
the rotation of their body axis with respect to the room by about fifty percent. This effect may be

another manifestation of the "idiotropic" tendency which is believed to cause Aubert illusion on

Earth, and contribute to Visual Reorientation Illusions in weightlessness. The method could

ultimately prove useful in understanding and predicting idiotropic effects in astronauts. Using a
mirror bed device, we also demonstrated that visual polarity cues presented in the foreground are

less effective in reorienting the direction of the subjective vertical than similar cues in the

background.

Three-dimensional spatial memory and learning: Our previous studies of human spatial

memory and learning demonstrated that most of our subjects could quickly learn to remember the

identity of landmarks on six surrounding walls of a virtual environment and when shown any two
of them with the environment rotated to an arbitrary orientation could correctly indicate the

direction to a third object. Ability was correlated with conventional measures of mental rotation

ability. Subjects "learn how to learn" to some degree, since they learn a second environment

more quickly. Ability was retained for at least a month. Experiments completed this year have
shown the importance of vestibular and haptic cues in maintaining spatial memory, and the

advantages of randomized rather than blocked presentations during training sequences.

Preliminary results also suggest that subjects trained using a viewpoint within an environment

retain their ability when the viewpoint is moved outside.

Neural coding of spatial orientation: In recent years we have been developing an animal
model for limbic coding of head direction information to help us understand the mechanisms of

spatial memory and visual reorientation illusions in humans. Head direction (HD) cells in the
anterodorsal thalamus of the rat normally are tuned to respond in a gravitationally horizontal

plane, independent of head pitch or roll up to 90 degrees. What happens when animals Iocomote
on the walls or ceiling of a 1-g test chamber ? In a 0-G or hypergravic environment ? This year

we completed two studies showing that HD cells frequently- but not always- lose their

directional tuning when the animal crawls upside down on the ceiling. In I-G, some cells
discharge in the same preferred direction as on the floor, suggesting the animals maintained a
consistent exocentric (allocentric) reference frame. HD cells continue to show normal spatial

tuning in 0-g parabolic flight when the animal locomotes on the floor or wall of the test chamber,

but usually loose their tuning when on the ceiling, or occasionally shift their preferred direction
across the axis of symmetry of the cage, as if the animal had experienced a VR1. In other studies

completed this year, we showed how angular head velocity cells in rat dorsal tegmental nucleus

update HD cells in lateral mammilary nucleus, and the importance of motor efference copy

signals vs. vestibular and optic flow in stabilizing the preferred direction of HD cell firing.
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Our researchteam is an interdisciplinarygroupof psychologists,physiologists,and engineers,
with backgroundin visual, vestibularand motorpsychologyandphysiology,humanandanimal
navigationandVR technology.We coordinateresearchthroughbimonthly teleconferencesand
inter-laboratoryvisits, and actively collaboratewith other colleaguesat NSBRI and NASA
JohnsonSpaceCenter.Facilities include unique tumbling rooms at York University, animal
researchfacilities at Dartmouth,andseveraltypesof immersivevirtual reality facilitiesat MIT,
York, andWright StateUniversity.

Our role is to do the critical experimentsthat provide a rationale and methodologyfor
scientificallybasedcountermeasuresagainstspatialdisorientationin astronauts.Our objectiveis
to developstrongscientific hypotheses,evidenceand pedagogyto definea programof preflight
visual orientation training of astronauts,as well as various devices,operationaltechniques,
medicalproceduresand humanfactorsstandardsto preventand treat spatialdisorientationand
spatialmemoryproblemsboth inflight andpostflight. Our work is far enoughalongin several
areasthat within the next threeyears,we expectto proposethe transferof severaltypesof VR
basedspatialmemorytraining techniquesanddevicesto NASA, andsuggestscientificallybased
humanfactors standardsfor useof visual polarity, architecturalsymmetry,brightness,color,
escapepath,andallocentricvisual landmarksystems.
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RESEARCH AREA:
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ORGANIZATION:

PROJECT TITLE:

Neu rovestibular Adaptation

Millard F. Reschke, Ph.D.

NASA Johnson Space Center

Modification of Eccentric Gaze-Holding

Project Executive Summary

Clear vision is a prerequisite for reliable performance of motor tasks. Space flight confronts the
crewmember with a stimulus rearrangement that requires adaptation to function effectively with

the new requirements of altered spatial orientation and motor coordination. Adaptation and

motor learning driven by the effects of cerebellar disorders may share some of the same demands
that face our astronauts. One measure of spatial localization shared by the astronauts and those

suffering from cerebellar disorders that is easily quantified, and for which a neurobiological
substrate has been identified, is the control of the angle of gaze (the "line of sight"). The

disturbances of gaze control that have been documented to occur in astronauts, both in-flight and

post-flight, can be directly related to changes in the extrinsic gravitational environment and

intrinsic proprioceptive mechanisms thus, lending themselves to description by mathematical
models. The basic models can be formulated using normal, non-astronaut test subjects and

subsequently' extended using centrifugation techniques to alter the gravitational and
proprioceptive environment of these subjects. Further tests and extensions of the models can be

made by studying abnormalities of gaze control in patients with cerebellar disease. Finally, tests

of astronaut subjects during and after exposure to space flight, in association with the

corresponding sensory-motor adaptations, will allow us to evaluate and extend our developed
understanding of adaptation in the control of eccentric gaze-holding. The specific aims of this

study are: (1) To investigate the mechanisms of gaze-holding in normal, non-astronaut subjects,
with"the head held in various orientations with respect to gravity' and the head held in various

orientations relative to both gravity and the trunk. This will involve characterizing the time

constant of centripetal gaze dr!/t, the rate in which the eyes naturally drift back toward the null

position following an eccentric eye movement. (2) To investigate the mechanisms that

adaptively compensate for gaze-holding failure, especially' the "'rebound nystagmus'"

phenomenon, which decreases the rate of centripetal drift of the eyes. We will study' the time
course of rebound nystagmus in normal, non-astronaut subjects. (3) To investigate the stimulus

rearrangement and adaptation resulting from exposure to gravitoinertial environments greater

than 1 G using prolonged exposure to centrifugation. (4) To study mechanisms that adaptively

compensate for gaze-holding failure in patients with vestibular cerebellar disease who show
impaired gaze-holding ability. We will compare gaze-holding defects and rebound nystagmus in

patients with that obtained in our normal subjects. (5) To compare the gaze-holding abilities of

astronaut subjects prior to, during, and immediately' following space flight with specific

predictions made as a consequence of the ground-based research. Tests similar to those

performed upon normal, non-astronaut subjects will be conducted to quanti_, changes in the time

constant of centripetal drift of the eyes in relation to changes in the gaze-holding induced as a
result of the stimulus rearrangement of space flight. (6) To measure the stability of gaze, during

all phases of flight, with the eye at the central position in astronauts to investigate the occurrence
of saccadic intrusions known as "'square wave jerks" (SWJ). and to relate SWJ mechanisms

common to the failure of gaze-holding.
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RESEARCH AREA:
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ORGANIZATION:

PROJECT TITLE:

Neurovestibular Adaptation

Mark J. Shelhamer, Sc.D.

Johns Hopkins University School of Medicine

Context-Specificity and Other Approaches to

Neurovestibular Adaptation

Project Executive Summary

There are several operational issues involved with altered human performance during and

immediately after space flight. These issues have implications for human safety and

effectiveness. Our planned experiments are designed to give us the information needed to

develop and assess appropriate countermeasures (pre-flight or in-flight activities) for the
vestibular deconditioning that occurs during flight (and often persists upon return to a planetary,

environment). Whenever g-transitions occur, there is a very real possibility of disruptions in

perceptual and sensorimotor processing and reflex calibrations. These can have serious

consequences in a dynamic environment such as shuttle re-entry or Mars landing.

We propose context-specific adaptation (CSA) as a countermeasure to some of the deleterious
neurovestibular effects of space flight. By CSA we mean the ability of an organism to 1)

maintain two different adapted states for a response (such as two different saccade gains), 2) have

each state associated with a specific context (such as g level), and 3) switch between the adapted

states immediately upon a change in context (i.e., without de-adaptation and re-adaptation upon

each transition). This phenomenon can be useful during phases of space flight that require
transitions between different g environments (e.g., in and out of artificial gravity, from orbital

flight to planetary" landing). A related theme is the determination of effective adaptation

procedures and effective context cues. The role of the cerebellum, and its possible disruption
during flight, is another central issue, as is transfer of adaptation between motor systems.

Outline of sub-projects in this proposal

Our project consists of an integrated set of experiments that have as their overall goal the design

of a spaceflight countermeasure based on forms of vestibular adaptation. Briefly. the experiments
include three main investigations at Johns Hopkins: 1) studies on the effects of torsional

misalignment, and the use of saccade adaptation and cyclovergence adaptation as
countermeasures (Sheihamer/Zee, aims 1-3), 2) studies on the relationship between the LVOR

and smooth pursuit and the role of the cerebellum on adaptation of these responses

(Zee/Minor/Shelhamer, aims 4-6), and 3) a study on context cues in the human LVOR

(Shelhamer, aim 9). Another set of experiments will be conducted at Washington University (St.

Louis) to study how CSA might transfer between eye movements and limb movements

(Angelaki/Snyder, aim 7), and experiments at the University of Mississippi Medical Center will

investigate adaptation of the LVOR with transient accelerations (Zhou. aim 8).

Complementarity of human and animal studies

Some of the sub-projects proposed here include experiments with animals. Eventually, tbr a
successful transition from lab research to countermeasure, most if not all of our work must be

demonstrated in humans. Nevertheless, there are significant research questions which at this

stage can only be practically addressed with animal models. This approach builds on the

strengths of the individual investigators and their ongoing work, and allows for natural
connections between different sub-projects: for example, work on cerebellar effects on pursuit
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and the LVOR (Zee/Minor/Shelhamer) can be related, in later years, to work on transfer of

adaptation from eye movements to limb movements (Angelaki/Snyder) by using monkeys with
cerebellar lesions for the latter study, after effects of lesions on the basic responses and their

adaptation have been fully characterized in the former. Our goal will always be to connect our
animal and human work (e.g., as in our work on LVOR and pursuit in normal humans, cerebeilar

patients, and normal and cerebellar-lesioned monkeys). Aim 8 (Zhou/King) is an example of an

effect (rapid LVOR adaptation) first established in monkeys (under joint NIH/NSBRI support),

and now being verified and extended in humans.

To some extent our monkey work is basic science aimed at localizing the neuroanatomical site of

context-specific learning. Use might be made of this information, however, in the design of

human countermeasures, by helping to determine to what extent such behavior is reflexive

(learning presumably mediated by the cerebellum) and to what extent it is cognitive (cortically

mediated). Adaptation and training strategies could be tailored depending on this information.

People exhibit a range of adaptive alterations; for example, we see a range of adaptive strategies
in the LVOR where some subjects use saccadic tracking rather than an increase in smooth

component gain to increase overall gain. With lesion experiments, if adaptation is mediated by
the cerebellum, then we can determine what adaptive strategies are used when cerebellar function

is disrupted. Cerebellar lesions in humans seem to have a detrimental effect on the low-frequency
translational LVOR, while possibly sparing the torsional tilt response. If otolith-ocular adaptation

is mediated by the cerebellum, then tilt or translation adaptation can be selectively targeted in

humans, depending on any negative effects of 0g on cerebellar function. Since the specific role of
the cerebellum in the LVOR is unknown, this aspect of the animal work is directly pertinent.

Specific Aims
1. To determine if static torsional eye position (induced bv a visual display or by parabolic flight)
can be used as a context cue for the adaptation of saccade metrics. Previous work implies that

torsional changes in flight may affect saccades and other spatially-oriented behaviors. We will

attempt to demonstrate that saccades can be made veridical in two different torsional states.

2. To see if CSA can be more readily, acquired by' allowing consolidation of adaptation to take

place before changing contexts. We will allow for consolidation of each adapted state to occur by'

inserting a rest interval between the two context states during the CSA procedure..

3. To develop cyclovergence adaptation as a countermeasure to torsional offsets during changes

in gravity. A visual stimulus can be used to induce torsional misalignment (cyclovergence). We
will design an effective cyclotorsion adaptation stimulus in lab experiments, and use it to

maintain the usual (lg-based) torsional alignment during parabolic flight, and see if otherwise

inappropriate responses (saccades) in flight are evoked correctly if torsion is "'corrected" to its

normal (1 g) state.

4. To compare horizontal and vertical pursuit and LVOR deficits over a wide range of

frequencies, in cerebellar patients and in monkeys with vestibulocerebellar lesions.

5. To study in normal humans, and in monkeys before and after vestibulocerebellar lesions.

pursuit and LVOR adaptation and their transfer over a wide range of frequencies.

6. To study' in normal humans, and in monkeys before and after vestibulocerebellar lesions. CSA

of the LVOR and in particular the ability' to use pursuit stimuli with different g cues as a stimulus

for learning multiple LVOR gains as a function of the g state.
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7. To determine if CSA leamed in one behavior (eye movements) will transfer to a different

behavior (arm movements) in rhesus monkeys. We will use static head tilt as a context cue to

adapt either the horizontal AVOR or horizontal saccades. Then we will investigate whether this

context-specific adaptation is also present in memory-guided saccades and reaching. Experiments

will be performed in intact animals and in animals with cerebellar lesions.

8. To use the transient linear vestibulo-ocular reflex (LVOR) to study context-specific otolith-

ocular adaptation in human subjects. Our goal is to find the most effective procedure for

adaptation of the transient LVOR, in anticipation of its possible use as part of a space flight
countermeasure. (a) Systematically characterize task-specific LVOR adaptation in human

subjects. (b) Identify the most effective training protocols to induce context-specific adaptation in
human subjects. (c) Test for the ability of visual cues to substitute for vestibular cues in context-

specific LVOR adaptation in human subjects.

9. To study CSA in the naso-occipital LVOR as for the inter-aural LVOR, and to determine what
context cues are effective in each case.

Key findings and their impact
1. Context-switching (in saccades) is more effective if the context cue includes a motor (as

opposed to purely sensory) component. This has implications for the design of CSA paradigms
which might depend on gravity as a context cue, and suggests that gravity-sensing alone may not

be a sufficiently powerful cue for context-switching.

2. Demonstration of dual-increase and dual-decrease CSA (for saccades) confirms that CSA does

not require gain-increase versus gain-decrease conditions in order to be effective. This extends

the range of behaviors which might be subject to context-switching.

3. Findings in cerebellar patients and lesioned monkeys include abnormalities of torsion during

pursuit, OKN, and brief high-acceleration rotations of the head. This suggests a role for the
cerebellum in the binocular control of the rotation axis of the VOR. Abnormalities of the

modulation of the I,VOR with near viewing in cerebellar patients, but with sparing of the first

25-30 ms of response, suggests an important role for the cerebellum in the 1,VOR. If the

cerebellum is affected by space flight (anecdotal evidence suggests that it may be), then

sensorimotor responses and adaptations which rely on the cerebellum may be problematic.

4. Context-specific adaptation of pursuit (in monkey) suggests a role for pursuit adaptation in

modifying otolith-ocular reflexes such as the LVOR in response to translational motion.

5. Demonstration of LVOR adaptation without retinal slip has implications lbr the design of

effective adaptation paradigms. Eack of adaptation transfer between LVOR and AVOR (and

specificity of adaptation to motion direction) suggest that ultimately countermeasures based on

CSA procedures must include a wide range of adaptation stimulus parameters.

6. Initial verification of the presence and adaptability of the naso-occipital LVOR lays the

groundwork for work on otolith-mediated responses along the fore-aft axis and in the pitch plane.

Research plan for year 2
The overall plan tbr year 2 remains unchanged from thai originally outlined. We will perform our

delayed parabolic flight experiments on torsion and saccades, and begin work on consolidation of
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adaptation. Experiments on cerebellar function in humans and animals will continue, with studies

on pursuit and the LVOR and, in particular, their context-specific adaptation. LVOR adaptation
using transient accelerations will be extended to human subjects. Experiments on transfer of

CSA between eye and limb movements will commence, and adaptation of the naso-occipital

LVOR will begin in earnest.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Neurovestibular Adaptation

Conrad Wall Ill, Ph.D.

Harvard - Massachusetts Eye and Ear Infirman'

Advanced Techniques to Assess and Counter Gait

Ataxia

Project Executive Summary

The overall goals of this project are to develop "countermeasure assessment criteria" to evaluate

recovery from disturbances, and during turning, circular walking and ascending and descending
stairs. We also consider countermeasures using a balance prosthesis and dynamic exercises

designed to challenge and increase subjects' balance. We will determine the sensitivity of the
countermeasure assessment criteria in evaluating effects the prosthesis and the exercises on

postural stability' and locomotion. Using human subjects, the specific aims of this project are to:

1. Study body and head movements during precise perturbations of gait during continuous

straight locomotion. 2. Study body, head and eye movements during continuous straight or
circular locomotion on a circular treadmill. 3. Study' body', head and eye movements during

ascending and descending a staircase. 4. Study body. head and eye movements during standing,

linear walking and treadmill walking with a balance prosthesis designed as a countermeasure tbr

vestibular adaptation. 5. Study the effect of dynamic balance exercises for vestibulopathic

subjects upon their ability to stand quietly and to recover from mild perturbations.

Key findings of the project

We have developed an experimental protocol that introduces a calibrated disturbance to the loot

during the support phase of normal locomotion. This provides a means for the objective

quantification of locomotor response dynamics that are known to be altered in astronauts upon
return from exposure to microgravity but for which no current test exists. Returning astronauts
whose orientation mechanism has been distorted and patients having balance disorders

(vestibulopathies) that may well affect their orientation mechanism was expected to have

different recover' trajectories than health} normals. This is has now been demonstrated for

vestibulopathic subjects. A simplified version of our research device is now being developed for
use in evaluating the functional mobility of astronauts by scientists at the Johnson Space Center.

One of our working hypothesis was that profound impairments of posture, gaze and locomotion

stability are caused by alterations in compensato_ _and orientation mechanisms that are generated

in the central vestibular system from motion inputs. During exposure to altered gravity, the

motion inputs from the otolith organs are "'distorted" compared to the on-earth conditions. These
distortions, in turn, cause both inappropriate body' head and eye movements and an altered sense

of orientation, which degrades stability' during locomotion. We compared motions of the body

during walking along a straight line with body' motions while walking along a curved path. In the
latter condition subjects accelerate in toward the direction of the curve, which introduces an

inertial component which may or may not effect measures of their body orientation in space. Our
results show that compensatory eye, head and body movements stabilize gaze during straight

walking, while orienting mechanisms direct the eves, head and body' to tilts of the resultant of

gravitational and centripetal acceleration in space during turning. This finding in normal subjects
can now be compared to subjects with known impairments in their balance system or to returning
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astronauts to determine whether or not such individuals can successfully align parts of their

bodies in an appropriate way while turning.

We have developed the simplified precursor to a balance aid. It uses body mounted motion
sensors to estimate the tilt of the subject. This estimated tilt is coded and fed back to the subject

using an array of small, non-invasive tactile vibrators mounted on the skin. The application of

vibrotactile display of body tilt demonstrates for the first time (to our knowledge) that tilt

estimates derived from body-mounted motion-sensing instruments can actually be used to reduce

sway in subjects who have documented deficits in their balance (vestibular) function. The single

most important finding was that subjects who repeatedly fell under challenging balance
conditions were able to stand with the use of this aid.

Impact of these findings on the hypotheses or requirements (technology), objectives and

specific aims of the original proposal and the proposed research plan for the coming year

These findings indicate that the overall objectives of the project are being met. The research plan

for the coming year will remain as originally planned.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Neurovestibular Adaptation

Laurence R. Young, Sc.D.

Massachusetts Institute of Technolo_"

Neuro-Vestibular Aspects of Artificial Gravity. Created

by Short-Radius Centrifugation

Project Executive Summary

Traditional countermeasures against the adverse effects of prolonged weightlessness, such as

exercise, resistive garments and lower-body negative pressure, appear to be insufficient in

practice and are often too inconvenient for.astronauts. Artificial Gravity (AG) represents a

potential countermeasure that is unique. It promises salutary effects on bone, muscle,
cardiovascular and vestibular function. Rather than alleviating the symptoms, it attempts to

remove their cause. Spacecraft size dictates that any AG centrifuge tested in the foreseeable

future be of limited radius (on the order of 1-5 my. In order to achieve sufficient centrifugal

forces equivalent to l-g, rotation rates will have to be rather high (between 10 and 30 rpm).

Unfortunately, at these rates a number of unpleasant side effects, including motion sickness,

reflexive eye movements, and sensory illusions occur. Fortunately, people seem to adapt to such

sensory rearrangement changes. The matter is further complicated because our senses and motor

system still need to function in 0-g and l-g as well as in AG. Thus, the astronaut must adapt to
function effectively in at least two environments, centrifugation and 0-g. Dual or multiple

context-specific adaptation is required.

The goal of the present research project is to gain insights into how the motor and perceptual
systems are able to adapt in this context-specific manner and io use these insights to develop

practical AG countermeasure protocols. To meet this goal, we pursue 8 Specific Aims forming a
unified research program that consists of two categories. The first attempts to understand the

basic mechanisms underlying context-specific adaptation. The second involves applied questions

related to optimizing the conditions for adaptation. During the first year of funding we have made

progress in both categories.

For the first time, we have established that human subjects can adapt to single-axis head

movements in the rotating environment of a horizontal short-radius centrifuge (SRC) rotating at

23 rpm. inappropriate eye movements, motion sickness and illusory body tilt are all reduced after

several adaptation periods of head movements in the light. Two forthcoming publications (in
Acta Astronautica and Journal of Vestibular Research) have been completed within the last 12

months. In addition, we have completed the data collection and analysis on three new

experiments, one at MIT, one at Brandeis, and one at Mr. Sinai. Two other experiments are very
close to finishing the data collection stage (both at MIT). Finally, one experiment at JSC is set up

and close to starting data acquisition. The preliminaD' results are summarized in the next

paragraphs. Detailed reports on each specific Aim, as well as a list of papers, manuscripts and

presentations are appended.

Work at MIT has shown that incremental adaptation is a promising venue that needs to be

pursued further. Depending on the complexity and frequency of head movements, a substantial

proportion of our subjects (approximately 75 %) experience severe motion sickness. We have

demonstrated that adaptation to a 23 rpm stimulus occurs even if it is never experienced. During

the training phase rotation rates were slowly, incremented such that the symptoms remained
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aroundor belowperceptualthreshold.This is anencouragingcaseof generalizationthat hasan
impact on designingthe eventualadaptationscheduleswhen implementingAG (relevant for
Aims 4 and6). Oneexperimenttestingtherole of vision in theadaptiveprocess(Aim 3)andone
investigatingthe effect of graviceptiveinformation on Coriolis effects (Aim 5) are nearing
completion.It wouldbetooearlyto drawanyconclusionsyet.

Work at Brandeis(Aim 2) hasproducedthe encouragingresult that armmovementsrecalibrate
quickly regardlessof therotationrateof the centrifuge(range5 - 25 rpm).This suggeststhat the
motorsystemmaybemoreeasilyadaptablethanthevestibularsystem.However,thisconclusion
may not generalizeto morecomplexmovementsthan the stereotypedreachesstudiedthusfar.
Suchcomplexmovementswill bestudiedin year2 and3.

A joint pilot experiment(MIT and Brandeis,Aim 1)hasshownthat it is practicallyfeasibleand
theoreticallyinterestingto adaptsubjectsin one environmentandthen test themon a different
centrifuge.The full study will give important insights in the usefulnessof ground-basedpre-
training.

A full experimentto test the potential interferencewith the potentanti-motion-sicknessdrug
promethazinehasbeencompletedand partially analyzedat Mt. Sinai (Aim 8). A double-blind
crossover study of adaptation to roll head movementsshowed that subjects who used
promethazinewere able to adaptas quickly and as thoroughly (over the courseof 4 daily
sessions)asdid theplacebocontrol group.Furtherdataanalysesarerequiredto ascertainthat the
dosageof promethazinethatwasadministeredhasbeenpotentenoughto reducemotionsickness
significantly.

In summary,we haveobtainedsomepromisingresultsaboutthe adaptabilityof humanmotor
response,neurovestibularsignals,illuso_" percepts,and motion sickness.We also haveshown
that incrementaladaptationmight bea valid alternativeto suddenstimulusexposure.Thework
during year 1 has shownthat AG is a promising candidatelbr a universalcountermeasure.
During the next two yearsour investigationshaveto be extendedto the adaptabilityto more
complexheadandlimb movementsin therotatingenvironment.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Nutrition, Physical Fitness & Rehabilitation

Marco E. Cabrera, Ph.D.

Case Western Reserve University

Metabolic Adaptations of Skeletal Muscle to

Training/Detraining: A Systems Model

Project Executive Summary

Space travel (detraining) has detrimental effects on skeletal muscle structure, metabolism, and

function, including reductions in muscle size, strength, and endurance. Exercise (training) in

space can counteract some of these deleterious effects. Experimental studies are still being
conducted to determine both the cause of muscle deterioration and the exercise training programs

needed to counteract the detrimental effects of long-duration space travel on muscle function. In .

addition to obtaining relevant metabolic data from space and ground-based studies,

physiologically-based computational models of human function are needed to integrate cellular to
whole-body data and to provide a framework for quantitative understanding of the skeletal

muscle metabolic adaptations to periods of training and detraining.

The specific aims of this project are:
1. To identify the metabolic adaptations to training and detraining in order to develop

databases containing (a) information on the structural, metabolic, and functional

adaptations of skeletal muscle to microgravity and exercise training and (b) the
underlying biochemical mechanisms mediating these adaptations.

2. To develop mathematical models of intermediary metabolism in skeletal muscle that

account for the effects of training and detraining.

3. To investigate the relative significance of model parameters affected by training or

detraining on work capacity and efficiency.
4. To simulate the effects on skeletal muscle intermediary metabolism and energetics of

space flight and exercise in space, to quantitatively test the hypotheses that after a period
of space travel or exercise training, the observed changes in the rates of carbohydrate and

fatty acid oxidation in skeletal muscle are a result of (a) a partial conversion of slow-
twitch to fast-twitch fibers and (b) alterations in glycolytic and oxidative enzymes.

During the first year of the project we have identified specific structural, metabolic, and

functional muscle adaptations to training and detraining from previously published studies in

humans. We developed a mathematical model of skeletal muscle metabolism that integrates
cellular, tissue, and whole body data, as well as incorporates specific parameters that have been

identified as playing a major role in the responses to training and detraining such as muscle mass.

enzyme activities, mitochondrial content, and fiber type distribution. We are currently

collaborating with other Integrated Human Function projects and projects in the Nutrition,

Physical Fitness and Rehabilitation team to link our mode[ with other models that are being

developed (muscle energetics, cardiovascular function, and ionic changes in heartj or with

experimental projects which can provide data for validation of our model but that require a
theoretical framework for interpretation of their results. We are also collaborating with the Smart

Medical Systems team to evaluate the effectiveness of exercise training programs in space. In

the upcoming year w,e will continue to validate our model and plan to thnher integrate our

project with other NSBR! projects.
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IRESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Nutrition, Physical Fitness & Rehabilitation

Joanne Lupton, Ph.D.

Texas A&M University

Nutritional Countermeasures to Radiation Exposure

Project Executive Summary

Original Aims. The overall goal of this research program is to develop nutrition
countermeasures to radiation-induced colon tumorigenesis, using male Sprague Dawley rats as a

model system. Superimposed on the background of irradiation with Fe-ions or no irradiation is

the injection of a known colon specific carcinogen, azoxymethane (AOM) in order to simulate

the potential exposure to environmental contaminants. The diet interventions to be tested are
combinations of a lipid component (fish oil vs corn oil) and a fiber component (pectin vs

cellulose). At the end of the three year period we will know: (1) if radiation exposure

synergistically enhances colon tumor induction by AOM; (2) which diet combination(s) are

protective against colon cancer and if this effect is due to less DNA damage, greater removal of
DNA-adducted cells by apoptosis or greater repair of DNA-adducted cells; (3) if short term

studies (e.g. initiation or aberrant crypt formation) are predictive of later tumor development; and

(4) if noninvasive technology can be used to detect specific mRNAs that are predictive for

radiation exposure and/or response to that exposure, which would have later application to
humans.

Key Findings. The preliminary project results demonstrated that our selected radiation dose and

sampling times were appropriate for the proposed experimental design. We discovered that prior

exposure to radiation before exposure to a chemical carcinogen increased the severity of the

preneoplastic lesions formed during colon tumorigenesis. Therefore. it will be critical to
minimize the effect galactic cosmic radiation has on increasing tile risk of colon cancer in

astronauts.

Impact of Findings on Project Goals. Because the preliminau results supported our proposed

experimental design, there will be no need to modil_ the proposed research.

Proposed Research Plan for the Coming Year. Samples from the tumor stage will be
collected in June of 2002 from the first half of the rats treated only with the carcinogen. Work

with the first half of the rats to be exposed to radiation prior to carcinogen treatment wilt begin

and samples from these rats will be collected for the initiation stage (April), and aberrant crypt

stage (June 2002L and the tumor stage (January 2003). If the next run at Brookhaven National

Laboratory occurs as planned (November 2002). we will be conducting the work with the

remaining half of the rats to receive treatment with both radiation and the carcinogen. Samples
from the initiation and ACF stages will be collected from those rats prior to the completion of the

second year of the project.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Nutrition, Physical Fitness & Rehabilitation

Suzanne Schneider, Ph.D.

University. of New Mexico
Treadmill Exercise as a Countermeasure for

Microgravity Deconditioning

Project Executive Summary

Treadmill exercise is the primary countermeasure during space flight to maintain aerobic_
cardiovascular fitness. It also may provide some protection against the atrophy in bone and

muscle. Yet little is known about the effect of microgravity and the bungee-harness system that

must be used to provide footward loading on the physiological responses to treadmill exercise.

The purpose of this proposal is two-tbld: 1) to obtain cardiovascular (heart rate), metabolic

(oxygen consumption), and biomechanical data (peak forces, foot pressure, gait analyses) during
treadmill exercise at several treadmill speeds in microgravity, and 2) to evaluate the effectiveness
of two treadmill countermeasures to maintain aerobic capacity, leg muscle strength, and to

prevent increases in bone resorption and muscle atrophy markers. We hypothesize that daily',
moderate treadmill exercise for 30 minutes each day' will maintain aerobic capacity, leg strength.

and reduce the increase in bone and muscle markers. Ten Shuttle crewmembers will exercise

either daily (n=5) as a simulation of the level of aerobic exercise currently planned for ISS or

every third day (n=5) as a simulation of the minimum level of aerobic exercise currently required

for crewmembers during Shuttle missions > 10 days. The effectiveness of these countermeasures

to maintain post-flight aerobic fitness will be assessed using a graded treadmill test: to maintain

leg strength and muscle performance will be assessed using isotonic and isokinetic tests,

respectively; and, to prevent degradation of muscle and bone will be assessed by measuring

changes in catabolic markers for muscle (3-methyl-histidine) and bone (collagen cross-links)
from 24 hr urine pools. Simultaneous video analysis _ith heart rate and metabolic responses in
I-G and 0-G environments v_ill allow' us to understand the effect of the bungee-harness system

and microgravity to alter the cardiovascular and metabolic responses to the treadmill. The
information from these tests are required to determine the most appropriate treadmill

prescriptions during long duration stays on ISS and during exploratory _ missions.
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PROJECT TITLE:

Nutrition, Physical Fitness & Rehabilitation

Brian Tobin, Ph.D.

Mercer University School of Medicine
Nutritional Modulation of Pancreatic Endocrine

Function in MicrograviD"

Project Executive Summary

Our specific aims in this study are to: 1) assess the effect of a microgravity model cell culture on
basal amino acid requirements and endocrine secretory function in human islets of Langerhans,

and 2) determine human islet endocrine function while testing amino acid countermeasures in the

microgravity model.

Ground based and in-flight investigations illustrate changes in insulin, glucose, and amino acid

metabolism in spaceflight. These observations may relate to altered pancreatic endocrine
function which is insufficient to meet the needs of microgravity induced insulin resistance, and

altered amino acid metabolism. The changes observed include decreased glucose tolerance,

increased circulating insulin, and increased reliance upon glucose in muscles. The metabolic
meliu resembles an insulin resistant syndrome, accompanied by a compensatory, increase in

pancreatic insulin secretion, ltowever, the increase in insulin secretion is insufficient to
ameliorate muscle atrophy. The increased insulin secretion is well correlated to muscle atrophy

in spaceflight. The influence of these changes upon the loss of muscle mass and general
endocrine metabolic state are not well established, however. Countermeasures which could

modulate insulin and glucagon secretion in a compensatoR' manner to overcome insulin

resistance and promote amino acid uptake by peripheral musculature might decrease muscle

atrophy and reduce injury following re-adaptation to unit gravity.

We hypothesize that human pancreatic islets of Langerhans have an increased requirement for
amino acids in microgravity. We further hypothesize, that supplementation with specific

additional amino acids will augment, enhance and normalize insulin secretion, when spaceflight

paradigm stressors known to decrease insulin secretion, are applied.

It is anticipated that these studies will further refine our understanding of human pancreatic

amino acid requirements and endocrine regulation: phenomenon which may be limiting to

extended-duration spaceflight missions. These studies will test countermeasures to augment

pancreatic endocrine function, while considering both insulin and glucagon production in a way
that will involve supplementation of diet with additional amino acids. These measures are

ultimately aimed at improving spaceflight induced muscle atrophy, and ameliorating current re-

adaptation constraints.

Key Findings

We have accomplished a part of Specific Aim 1: "'To assess the effect of a microgravity model
cell culture on basal amino acid requirements and endocrine secretor?' function in human islets of

Langerhans.'"
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Our resultsof experiments conducted this year in which human pancreatic islets of Langerhans
were cultured in the HARV bioreactor and contrasted to controls show reveals the following key

findings:
1. There is a tendency towards less glucose utilization in HARV-cultured islets of

Langerhans
2. There is a tendency towards enhanced insulin secretion in islets maintained in the HARV,
3. We observed differential alterations in the pattern of amino acid utilization in the HARV,

4. Islet TNF production favors greater activity in the HARV cultures.

Impact of these findings on the hypotheses or requirements (technology), objectives and

specific aims of the original proposal:

Observation A: The tendency towards decreased glucose utilization in HARV-cultured human

islets of Langerhans, supports the hypothesis that microgravity is associated with a sub-clinical

diabetogenic state. The observation of lesser glucose utilization in human islets is consistent
with observations of rat islets cultured in the HARV system when contrasted to controls.

Observation B: The increased insulin secretion in the pancreatic islets cultured in the HARV

suggests that islets are responding to some stimuli similar to that observed in insulin resistant
states. It is well established that even in the face of severe insulin resistance, and decreased

uptake of amino acids by muscle in diabetic individuals, the output of insulin by the pancreas is

dramatically increased. This scenario is consistent with the observations in human pancreatic

islets of Langerhans in the tlARV microgravity model system.

Observation C. The differential pattern of amino acid utilization is consistent with thew

hypothesis that microgravity causes alterations in the pattern of metabolic substrate utilization.
This is consistent with published data, and supports the hypothesis that the peripheral tissues are
not the only sites of altered amino acid metabolism. The pancreatic islets of Langerhans also

appear to be altered in their patterns of metabolite use when cultured in a microgravity model

system.

Observation D: The greater TNF production in pancreatic islets of Langerhans supports the

hypotheses that insulin secretion is suppressed from reaching an adequate level sufficient to over

come peripheral insulin resistance in muscle tissue. That TNF can suppress insulin action is well
established. That TNF is secreted by pancreatic islets of Langerhans was previously' reported by'

our laboratory. Given that TNF in HARV cultures is increased, this scenario suggests that even
in the face of a need for increased insulin section to overcome insulin resistance in muscle, that

TNF may be suppressing a maximal beneficial response in the islets of Langerhans

Proposed research plan for the coming year
In the coming year we plan to accomplish a comprehensive analysis of tile effects of: I)

microgravity simulation, 2) LPS, 3) epinephrine, 4) cortisol, and 5) amino acid administration.

upon endocrine and cytokine function as well as the nutritional utilization of glucose, amino

acids, and fatty acids.

We will accomplish this by carrying out studies according to the tbllowing description.

1) Approximately 24.000 human cadaveric pancreatic islets of Langerhans are isolated and

purified by collaborator JRT Lakey', PhD. at the University of Alberta and shipped in Medium-
199 to Mercer University School of Medicine (MUSM _.
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2) At MUSM, humanisletsof Langerhansarepreparedfor bioreactorculturingby collaborator
SK Leeper-Woodford,BW Tobin,PhD,andPN Uchakin,with thetechnicalexpertiseof Cynthia
Bruin, andareallocatedinto 10ml disposableHigh AspectRatioVessels(HARV) or standard
10ml cell cultureplates.

3)The24,000humanisletsof Langerhansaredividedinto independentvariablegroup.

EFFECTS OF STRESSORS

HARV w/LPS

Plate w/LPS

HARV w/Cortisol

Plate w/Cortisol

HARV w/

Epinephrine

Plate w/Epinephrine

EFFECTS OF AMINO ACIDS

HARV w/no

treatment

Plate w/no treatment

HARV with Arginine Plate with Arginine

HARV with WOLFE Amino Acids Plate with WOLF Amino Acids

4) The islets are cultured for 48 hours and samples are taken at 0, 3, 6, 12.24 and 48 hours for

analysis of metabolites by our collaborative group, e) Aliquots of islet medium are frozen at -70 o

C and are subsequently shipped to the following collaborators for dependent variable analysis.

Dr Uchakin (MUSM): glucose, lactate, insulin_ glucagons

Dr Leeper-Woodford (MUSM): TNF-alpha, II-i, 11-6, NF kappa beta
Dr. Walzem (TAMU): fatty acids, lipids.

Dr. Smith (NASA-JSC): amino acids, nitrogenous compounds

5) Data are returned from the collaborators to MUSM and are analyzed by Drs. Uchakin, Tobin

and Leeper-Woodtbrd. All members of the PI and Co-I and add-on proiect team confer on data

analysis and interpretation. All project team members are eligible for inclusion as authors on an5'
or all abstracts, presentations, or manuscripts resulting from these studies. NSBRI is properly

acknowledged in all presentations and publications.
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Nutrition, Physical Fitness & Rehabilitation

Robert Wolfe, Ph.D.

The Unive_ity of Texas Medical Branch - Galveston

Skeletal Muscle Response to Bed Rest and Cortisol
Induced Stress

Project Executive Summary

SPECIFIC AlMS

Prolonged space flight causes a loss of skeletal muscle mass that is detrimental to physical
function, and amelioration of this response is essential for successful prolonged missions. There

are two components of the loss of muscle mass in space flight. Prolonged muscular inactivity
causes a reduction in protein synthesis, while at the same time stress (mediated by moderate

hypercortisolemia) accelerates the rate of muscle protein breakdown, at least insofar as it relates
to the rate of synthesis. Our previous work in normal volunteers has shown that a supplement

containing a mixture of essential amino acids and carbohydrate stimulates muscle protein

synthesis. Further, whereas ingested amino acids normally do not affect the rate of muscle

protein breakdown, they limit the accelerated rate of breakdown that occurs in stress states, such

as in severely burned patients. Consequently, we anticipate a mixture of essential amino acids

(15g) and carbohydrate (30g) given as a supplement three times per day will limit the loss of
muscle, and in turn muscle function, during our model of space flight, which is prolonged bed

rest + hypercortisolemia. We are testing the hypothesis that essential amino acid/carbohydrate
supplementation will ameliorate the loss of lean body' mass and muscle function that occur after

28d of bed rest, while improving nitrogen balance over the duration of the experiment. Further,

we have quantified muscle amino acid and protein kinetics at the beginning and the end of bed
rest in order to gain insight into the mechanisms responsible for the loss of muscle mass in

untreated subjects, as well as into the mechanisms by which supplementation serves to decrease
muscle catabolism. Specifically. we have determined muscle amino acid and protein kinetics

over 24 hour periods before and at the end of bed rest in order to address the following

hypotheses:

1. The normal anabolic response of muscle to a meal diminishes with prolonged inactivity and

stress.
2. An amino acid/earbohydrate supplement will stimulate net muscle protein synthesis over the

one-hour immediately following ingestion.
3. The normal anabolic effect of meals will not be affected by prior ingestion of a supplement.

4. The post-absorptive nadir in net musele protein synthesis will be no greater in subjects
receiving supplementation than in control subjects.

KEY FINDINGS

To date, we have studied 7 subjects on the essential amino acid/carbohydrate supplement (EAA

group) and 6 subjects receiving placebo (Placebo group). The completed data is tbrthcoming.
Based on findings thus far, results indicate supplementation with EAA enables maintenance of

lean body mass (LBM) throughout 28 days of bed rest. while the placebo group experiences a

loss of LBM. The EAA supplement maintains LBM by stimulating net muscle protein synthesis

to a much greater extent than meal ingestion alone. Although this stimulation is diminished with
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increasedinactivity, the netgain in muscleproteinis still significantlygreaterthanthat produced
by mealsalone. In other words,eventhough the anabolicresponseto the EAA supplement
decreasesafter 28dof bedrest,it is still capableof producingasignificantincreasein netmuscle
proteinsynthesis.

Though EAA supplementationis capableof maintainingLBM, it doesnot maintainmuscle
strength. Measuresof leg musclestrengthdeclineafter 28dof bedrestdespitethe preservation
of leg leanmass. These findings demonstrate that the maintenance of LBM alone is insufficient
in terms of muscle function. Apparently, some neuromuscular component is also required to

preserve muscle strength and function.

Our findings also demonstrate that the EAA supplement is capable of stimulating net protein

synthesis when given in a stressed state, as simulated by cortisol infusion. The presence of
elevated blood cortisol induces a loss of muscle protein even when a meal is given. Though the

EAA supplement can slow this loss. it only does so temporarily, such that within 1-2 hours after

the supplement, the muscle protein balance is again catabolic. After 28d of inactivity, the

response to a meal during elevated cortisol is further diminished, such that the muscle is
dramatically catabolic. The EAA supplement is not capable of eliciting an anabolic response in
the muscle after 28 of bed rest. On the contrary, when the supplement is given without the

presence ofcortisol, the net effect is muscle anabolism over the study time period.

IMPACT OF FINDINGS

Thus far, our findings demonstrate that the anabolic response to a meal diminishes with

prolonged inactivity and a stress challenge. The stimulation of net muscle protein synthesis

immediately following each EAA supplement translates to a maintenance of muscle protein over

a 24 hr period, and in turn. over the 28d of bed rest. However. the maintenance of LBM does not
translate to a maintenance of muscle strength. The interaction of inactivity" and stress exacerbates

the ineffectiveness of ordinary meals. Though the EAA supplement can offset muscle catabolism

during the stress state, the response is transient and incapable of ameliorating the overall loss of

muscle protein. Taken together, these findings indicate that a nutritional supplement alone can
reduce the muscle atrophy associated with space flight. However. whereas muscle mass can be

maintained with a specified nutritional intervention, other modalities are required to preserve

muscle function.

PROPOSED RESEARCH PLAN

Our plans for the coming year include the completion of analysis and interpretation of data for
the 13 subjects studied. Further. we plan to include an examination of intermittent exercise

throughout 28d of bed rest to determine if we can maintain both LBM and muscle function with
minimal exercise. Taken together, these investigations will determine an optimal operational

countermeasure that can be economically (in terms of crew time and payload) utilized to

ameliorate muscle loss during prolonged space flight.
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RESEARCH AREA:
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PROJECT TITLE:

Radiation Effects

Polly Chang, Ph.D.
SRi International

Charged Particle Radiation-Induced Genetic Damage in

Transgenic Mice

Project Executive Summary

Evaluations of risks involving alterations in the genome using whole animal systems are essential

to missions in space. The lacZ transgenic mouse model is the only system available, to date, for
the assessment of alterations in the genome in every, tissue of the animal. In this model system,

every, cell of the animal contains multiple copies of an integrated but inert target transgene.
Radiation-induced mutations can be measured and specific genetic alterations characterized

using established protocols. Genetic alterations in tissues that are of high priority in NASA's

Strategic Program Plans but are not accessible using conventional techniques, e.g., the central

nervous system, can be evaluated using this model system. In addition to measuring short (1

week) and long term (up to 16 weeks after treatment) mutagenicity in the reporter transgene.
concomitant evaluation of the clastogenic potential of particle radiation can also be done using

the same experimental animals. Some of these include examining radiation responses in the

hematopoietic system by enumerating micronuclei (MN) in peripheral blood, evaluating
chromosomal damage in either circulating or bone marrow lymphocytes by using fluorescence in

situ hybridization (FISH) techniques, and induced gene expressions in tissues by using RT-PCR.

Specifically. our research aims for this project include the use of" lacZ transgenic mice to
characterize the dose- and time-dependent radiation-induced responses in lacZ transgenic mice

after high LET iron particle beams generated at Brookhaven National Laboratory and low LET

proton irradiation at the Loma Linda University Medical Accelerator. We will measure the
initial effects and long-term residual consequences of radiation exposure in tissues that are of

high priority to NSBRI and NASA, namely the brain (CNS) and compare these responses to the

spleen (highly proliferative tissue with stem cell populations). We hypothesize that the lacZ
mutation frequency (MF) in individual tissues will increase as a function of dose for each tissue.

that this response is LET dependent, but the level of induction of MF is dependent on the specific

tissues analyzed. Micronuclei (MN) in peripheral blood have been used extensively as a
biomarker to evaluate radiation toxicity in the human population. We aim to examine radiation

responses in the hematopoietic system [immature polychromatic reticulocytes (RETs) and mature

normochromatic erythrocytes (NCEs)] and lymphatic system in the same experimental animals.

We expect that the level of genetic damage as well as the kinetics of removal of aberrant cells

and the spectrum of chromosome aberrations is dose dependent.

Variations in genetic background have been shown to impact an individual's sensitivity to
radiation exposure. The tumor suppressor p53 gene function has been shown to be radiation

responsive and ve_ _ important in the regulation of cell growth, proliferation, differentiation, and

apoptotic signaling pathways in man}' tissues. We cross-bred the C57 lac'Z transgenic mice that

are wild type for p53(p53+/+) with p53 nullizygous 1p53 -/-) mice to establish breeding colonies
of transgenic mice. possessing the lacZ transgene and arc either hcmizygous or nullizygous liar

p53. These animals will be used to assess tissue-specific p53-dependent (or -independent)

molecular and genetic mechanisms in radiation-induced damage resulting from exposure to

particle beams in the energy range corresponding to space radiation. Specifically. animals with

different p53 genetic backgrounds will be exposed to a rangc of doses of either iron particles or
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protonradiationandtissue-specificradiationresponsesusingthesameendpointsasmentionedin
the previoussectionwill be evaluated. Resultsfrom thesestudieswill reveal the impact of
variationof geneticbackgroundto an individual's sensitivityto radiationexposureof different
LETs.

The cytokineinterleukin-1 (IL-1) is knownto bea biomoleculethat is radiationresponsiveand
hasbeenshownto bean effectivecountermeasurethatprotectsanimalsfrom low LET radiation
toxicity. We will test thehypothesisthat IL-1 protectsagainstradiationlethality by enhancing
repairand reducingadverselong-termconsequencessuchasmutagenesisin vivo and therefore,
can be considered as a biological countermeasure for particle radiation. We aim to determine the

ability of the pro-inflamatory cytokine IL- 1 to alter the level of radiation-induced genetic damage

after proton radiation. Based on current knowledge that IL-1 reduces DNA damage in the

hematopoietic system, our hypothesis is that the yield of lacZ mutations in the spleen, MN-RET,
and chromosome aberrations will decrease in p53÷/+ animals with administration of IL-I.

The focus of our research during the first ten months of funding was to examine proton radiation-

induced genetic damage in the transgenic mouse mutation model system. C57/TacZ transgenic
animals were exposed to doses ranging from 0.1 Gy to 4 Gy of 250 MeV/amu proton particles at

the Loma Linda University Medical Accelerator. Peripheral blood samples were collected at
various times (from 24 hrs to 7 days) after radiation treatment and chromosome damage in

circulating reticulocytes was measured by enumerating the frequency of micronucleated

reticulocytes (MN-RET) using flow cytometry. Tissues from treated and sham irradiated animals
were harvested at 1 day, 8 weeks and 16 weeks after irradiation, snap frozen and stored at -70°C

until processing.

We have preliminaD' evidence showing that low doses of protons are effective in inducing
elevated levels of MN-PCEs in peripheral blood of mice, in an earl}' time course after radiation.

The frequency of MN-RET in peripheral blood varied as a function of time post irradiation, with
a linear dose-dependent increase of up to 6-fold above control levels after low doses of 0.1 Gy -

1 Gy proton exposure at 48 hrs alter radiation treatment. This effect appeared to saturate at

higher doses. Transient systemic toxicity' in the hematopoietic system was noted in animals
exposed to 4 Gy of proton as evidenced by the dramatic decreases in the percent of reticulocytes

in the total circulating ery£throcytes. The % of MN-RET in most animals returned to control
levels at I week after exposure. These results points to the feasibility of using MN-RET in

peripheral blood as a biomarker for measuring radiation damage at early' time points after
radiation exposure. However, chromosomal aberrations in these transient populations of

erythrocytes are eliminated from the peripheral circulating ery'throcyte populations within 1-week

post-proton exposure, and questions regarding the long-term persistent consequences of radiation

exposure in tissues remain unanswered in these studies.

We examined radiation-induced alterations in the genome in tissues by measuring the MF in the

surrogate lacZ transgene. LacZ mutation frequencies (MF) were evaluated in spleen tissues
harvested from animals at l-week and 8-weeks after proton exposure. We noted that there was a

modest dose-dependent increase in MF at 1 week alter proton exposure - from 1.2 fold above

control spontaneous levels alter 0.5 Gv of protons, up to 1.8-fold increase above spontaneous

level alter 4 Gy of protons. The levels of induced MF were significantly higher at 8-weeks post

irradiation, with greater than 2-1bid above spontaneous levels after ().5 Gx and 1 Gy of protons.

Preliminary evidence also shows that doses higher than 2 Gv did not result in higher MFs. We

hypothesize that. at high doses, damaged cells may, be eliminated from the cell population and do
not contribute to increased mutation incidences in late responses in the spleen. Mutants obtained

lo_



from these samples were cored and work is now in progress to examine the spectrum of damage

in the transgene using restriction digestion.

Our findings thus far are consistent with our proposed aims and hypothesis. For the coming year,

we have applied for and been awarded 17 hrs of beam time in the upcoming Heavy-ion
accelerator run (BNL-8_ 2002), scheduled for early spring, 2002. We are planning to characterize

the dose and time-dependent radiation induced responses in lacZ transgenics after 1 GeV/amu

iron particle radiation. Animals with different p53 genetic backgrounds will also be used in this

study.
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John Dieello, Ph.D.

Johns Hopkins University School of Medicine

Radiation Effects Core Project: In Vivo and In Vitro

Studies

Project Executive Summary

This is a continuation of the "Core Project" of the NSBRI Radiation Effects Team begun two and

a half years ago. Our main objective has been to determine the risks of human diseases arising

from exposures to galactic and solar radiations during interplanetary missions and to test the

hypothesis that pharmaceuticals could be used to reduce the risk of relevant diseases, particularly

carcinogenesis. There has been a close relation between this project and notably the

Chemoprevention and Cytogenetic, but also the Technology and Immunology Teams, the

Johnson Space Center, and several other universities. We have designed and constructed

experimental systems and developed procedures and methods for transporting large numbers of
animals and related cells safely to and from the heavy-ion accelerator at the Brookhaven National

Laboratory, the proton facility of the Loma Linda University Medical Center (LLUMC), and
Johns Hopkins University (JHU). We are accumulating medical and biological data for a group
of more than 3000 rats and innumerable cells exposed to 1-GeV iron ions, 250-MeV protons, or

cobalt-60 or cesium-137 gamma rays. At the recommendation of the External Review Council of

the National Space Biomedical Research Institute, the research will examine a mouse model for a

tumor site having minimal hormone stimulation, and will use that same model to evaluate the

possibility of damage to the central nervous system. We have chosen the Min (multiple intestinal

neoplasia) mouse and intestinal tumors as this major endpoint. Colon cancer was chosen because
it is one of the major tissues contributing to the effective doses to be received by astronauts in

space. Moreover. recent advances with this model at the University of Pennsylvania have

resulted in relatively non-specific, non-toxic pharmaceuticals, such as Bowman-Birk Inhibitor,
that reduce the risk of multiple types of late cancers. Further, these drugs work primarily, by

reducing oxidative stresses, suppressing the initiation stage of carcinogenesis while retaining the
desirable characteristic of working as well in the promotion and progression stages. Such drugs

have the potential for reducing the risks for cancer in astronauts because the5' appear to be
relatively nontoxic, broadly effective in a variety of tumors and tumor types, and can be used

effectively as diet supplements after the exposures. The hypothesis to be examined to this end is
that there exist non-specific, non-toxic drugs that would effectively reduce the risks of multiple

types of cancers or CNS damage.
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David Huso, Ph.D.

Johns Hopkins University School of Medicine

Chemoprevention and Radiation-lnduced Neoplasms

Project Executive Summary

Chemoprevention is a pharmaceutical approach to arresting or reversing the process of

carcinogenesis during cancer's typically prolonged latent period (often 20 years or more) before
invasion or metastasis occurs. Surging scientific and public interest in applying chemoprevention

strategies to people in the general population that have been identified to carry even slight
increases in the risk of developing cancer (e.g. genetic risk) is fueling the identification of

exciting new chemopreventive agents. Some now argue that future development of

chemopreventive agents offers greater potential for the long-term control of cancer than the much

more widely studied and aggressively pursued chemotherapy agents.

The major long-term risk associated with radiation exposure received during space travel is

predicted to be radiation-induced cancer. The cancer-causing effects of low-LET radiations such
as x-rays, g-rays, or electrons, typical of environmental earth exposures, have been relatively
well-established. However, radiation likely to be encountered in space includes mainly heavy

ions and protons along with their secondaries. Much less is known about the biology and risks
associated with these types of radiation. The doses of radiation likely to be received even for long

missions are probably low, but cover a broad range and are ve_ unpredictable due to solar
events. Like other types of radiation, the increased cancer risk associated with proton and heavy

ion exposure is troubling because many radiation-induced cancers do not appear until later in life.

Therefore, a large amount of uncertainty exists in how best to assess and manage the radiation

risks associated with space travel.

Two high priorities in preparation for long term missions are l ) providing a better understanding
of both the short-term and long-term carcinogenic risks of heavy ion or proton radiation and 2)

developing pharmaceutical countermeasures to mitigate the carcinogenic risk associated with
low-dose and mid-dose exposures to these types of radiation. Currently there are 3 cancer

chemopreventive strategies that have clearly proven efficacy in preventing human familial and

sporadic cancers 1) tamoxifen for prevention of breast cancer, 2) NSAID's (nonsteroidal
antiinflamatory drugs) for prevention of colorectal cancer, and 3) retinoids for certain epithelial
cancers. As countermeasures to the cancer risk associated with space travel, these

chemopreventive approaches offer a particularly promising approach for countermeasure
investigation because of: 1) these compounds are currently being used as preventives for human

cancers although they are untested against proton or heavy ion-induced cancer. 2) there are
difficulties associated with absolutely blocking radiation-induced mutagenic damage to DNA

during prolonged space travel, either with shielding or pharmaceuticals, and 3) the prolonged

latency period of most radiation-induced cancers (especially at low doses) offers a prolonged

time period to administer chemopreventives and the latency period is time when the most
successful chemopreventives exert their effects. For most cancers, compounds thai modulate the

regulation of cell gro_sth and apoptosis (rather than blocking mutagenic damage to DNA) have to
date shown particular promise in preventing overt cancer from developing in susceptible organs.
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Organsarenot equallysensitiveto thecarcinogeniceffectsof radiation.Tissuesthatappearto be
at higher risk for developing radiation-inducedneoplasmsinclude the female breast, the
gastrointestinal tract (colorectal cancer), the thyroid, the bone marrow/lymphoid system
(leukemia), and the lung. Womenhave an increasingrole in the spaceprogram.The female

breast is particularly sensitive to the carcinogenic effects of radiation and therefore a relevant

tissue in which to study chemoprevention of radiation-induced cancer. Chemoprevention of
radiation-induced cancer in this sensitive target organ provides an excellent system in which to

initially gain insights into the chemoprevention of radiation-induced cancer in general.

Over the past few years, tamoxifen has not only emerged as an effective chemopreventive against
breast cancer, but it has also become the most widely prescribed anticancer drug in the world. It

had been used for over 25 years for breast cancer treatment prior to its application as a

chemopreventive. This level of acceptance for use in humans along with its proven

chemopreventive efficacy against sporadic breast cancer provides a strong rationale for

investigating its safety and efficacy against breast tumors induced by heavy ions and protons. As

a potential countermeasure to the risks associated with prolonged space missions, the tamoxifen

family of compounds have outstanding potential with a high level of readiness.

The class of compounds that includes tamoxifen, the selective estrogen receptor modulators

(SERM's), are thought to have outstanding potential both in estrogen replacement therapy and as

chemopreventive agents. Burgeoning research and development of new SERM compounds has

led to many new and improved SERM's undergoing trials. Tamoxifen, however, remains the

prototype SERM for breast cancer chemoprevention. Newer SERM's will hopefully further

improve on tamoxifen's effects while reducing its side effects. SERM's are ligands for the
estrogen receptor (ER) and modify carcinogenesis in breast epithelial cells by antagonizing ER

signaling. However, in other tissues SERM's can act as partial ER agonists and promote the

beneficial effects of estrogens in, for example, the skeletal and cardiovascular systems.

Interestingly, tamoxifen may also affect carcinogenesis in a number of organ systems by

disrupting apoptosis regulation in proliferating cells. In spite of the widespread use of tamoxifen,

very' little is known about its lifetime effectiveness against radiation-induced neoplasms-

particularly those induced by radiation likely to be encountered in space such as protons and

heavy ions.

h7 vivo studies provide a powerful means for directly evaluating the effectiveness of particularly

promising chemopreventives against cancers that may occur following radiation exposure. The
rat mammary tumor model has been used extensively to analyze the carcinogenic effects of both

chemical xenobiotics and physical agents. The Sprague Dawley rat mammary tumor model is

particularly well-suited for studies in the low dose range because it is prone to develop induced
mammary' neoplasms early in life. Previous studies using the Sprague Dawley model have shown
that sublethal doses of radiation (xrays, gamma rays, neutrons-not particularly relevant to space

travel) induce mammary tumors, often within one year, and with a linear dose-effect relationship.

Thus the Sprague Dawley rat mammary, carcinogensis model not only closely resembles human
breast cancer biologically, but it also is a highly sensitive model in which to examine the effects

of radiation exposure and for testing pharmaceutical countermeasures against radiation effects.
Our initial studies have focused on the effects of whole body. low level heavy ion and proton

radiation along with chemoprevention of similarly induced mammary tumors using the female

Sprague-Dawley rat mammary tumor model. The well-studied, widely prescribed, protoypte
SERM, tamoxifen has been effectively and safely used in humans for chemotherapy tbr almost

two decades. These advantages, along with an understanding of its molecular mechanism of

action suggests it would be an excellent candidate for successful long-term chemoprevention of

specific proton and heavy ion-induced cancers. The prospect lbr successful long-term
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chemoprevention of this potentially important, late-appearing cancer relevant to space radiation

exposure is indeed an exciting prospect.

Hypothesis and Aims:
There is an uncertain, but serious risk of cancer potentially associated with prolonged space

travel. These risks cannot be addressed with shielding alone. Our first hypothesis is that

modeling these risks can remove much of the uncertainty and would allow better management of
some of the radiation-risks associated with prolonged space missions. Our second hypothesis is

that the increased cancer risk that may be associated with radiation in the space environnment

can be mitigated by chemopreventive countermeasures implemented during the long cancer

latency period that follows radiation exposure. The cancer causing effects of radiation as well as

the safety and efficacy of chemopreventives have not been determined under conditions relevant

to space. Animal models provide the best tools to test these hypotheses in relevant settings.

Specific Aims:
1) To determine the relative risks associated with exposure to the types of radiation encountered

in space using a sensitive in vivo model of radiation-induced cancer.
2) To determine if pharmaceutical cancer chemopreventives could provide a safe and effective

countermeasure approach to mitigate the cancer risk that may be associated with exposure to the

types of radiation likely to be encountered in space.

Key findings:
Although our studies are not complete, preliminary trends in our tamoxifen studies have pointed

to a proof of principle for a strategy in which chemopreventive agents could play an important
role in preventing breast cancer following exposure to radiation during space travel.
Confirmation of these trends is still pending the completion of these studies. Since Dr. Huso took

over as PI of the chemoprevention studies, considerable progress has been made in this area.

These results have important implications in the use of chemopreventives to prevent cancer in the

general population as well as for astronauts. Since cancer chemoprevention in general is still in
its infancy as an emerging field, chemoprevention based on new targets and emerging

compounds, hold considerable promise for continued improvement of strategies to effectively
mitigate risks associated with radiation and other predisposing factors for cancers. Further studies

are required to confirm the long-term safety and effectiveness of chemoprevention strategies, to

identify additional agents that are effective against specific neoplasms, and to continue to

improve chemoprevention effectiveness and implementation.

The following are the implications of our findings for: 1) Future Research, and 2) Risk reduction

for both space exploration as well as for the general population:

The implications are clear. Our results, though preliminars, provide a glimpse of the enormous

potential payoff that chemoprevention research could provide in the battle against cancer.

Regardless of the reason for an individual to be at increased risk for developing particular
cancers, be it radiation exposure as in our studies (relevant to space travel) or genetic and

environmental factors (relevant to the general population), specific chemopreventive compounds

and strategies can be identified and implemented to mitigate risks that predispose individuals to
cancer. Much work remains to be done to fully realize the benefits ofchemoprevention strategies

in the battle against cancer. Support for research into chemoprevention of radiation-induced

neoplasms such as that provided by NSBRI therefore benefits not only space exploration efforts,
but what is learned in this important area also could provide unique insight into cancer

chemoprevention for the general population.
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Countermeasures for Space Radiation Biological Effects

Project Executive Summary

The hypothesis to be tested in this research program is that control of radiation induced
oxidative stress will reduce the risk of cancer development. The overall objective of the

proposed investigations for the initial 1.5-year grant period is to determine the types of dietary

supplement agents or agent combinations that are the most effective at reducing the level of
oxidative stress associated with exposure to ionizing radiation in space. The efficacy of the

dietary supplement agents will first be evaluated in cultured human cells, in which the effects of

the dietary supplement agents on the baseline levels of oxidative stress and radiation induced
oxidative stress will be determined. The agents or agent combinations that are effective in

reducing oxidative stress in the in vitro assay will then be evaluated alone or together in

irradiated Sprague-Dawley rats to assess the efficacy of these agents in reducing radiation
induced oxidative stress in vivo. The levels of oxidative stress will also be measured in Sprague-

Dawley rats that are irradiated with I-GeV iron ions or protons. For all studies to be performed

as part of this program, surrogate endpoint biomarkers (SEBs) of carcinogenesis will be

monitored, including bio-reduction capacity and oxidative stress in cells and animals. Oxidative
stress will be determined by the dichlorofluorescein fluorescence assay, the protein carbonyl

measurement and the isoprostane levels in urine tin animals). The breast cancer incidence rates

in Sprague-Dawley rats are already known for various doses of photons, protons and 1-GeV iron

ions from previous work performed by Dr. John Dicello and colleagues as part of the NSBRI
Radiation Effects Team Thus, the results from studies on SEBs can be directly compared with

results obtained from the cancer induction studies performed previously. It is expected that

there will be a dose-response relationship observed between doses of radiation and the levels of
oxidative stress, and that the levels of oxidative stress will be directly related to breast cancer

induction. It is hypothesized that a reduction in levels of radiation induced oxidative stress will

be correlated with a parallel decrease in breast cancer rates, in the first 1.5 year part of the

program, the best possible dietary supplement for reduction of radiation induced oxidative stress
in vivo will be developed. SEBs will be studied in several tissues, including breast, colon and

blood, as well as in urine samples. In future years of the program, the effect of the dietary

supplement agents on the levels of oxidative stress will be compared to the effect of these agents
on cancer development to determine whether the two effects are correlated. Assuming that there
is a reduced cancer rate in the animals receiving the dietary supplement, the dieta_,' supplement

studies will also be extended to human trials in the future.

The original aims of the project
The experiments proposed in this application are designed to select a formula of dietary

supplements that will protect against space radiation-induced biological effects, with particular

emphasis on radiation-induced oxidative stress and cancer. In the initial phase of the stud}'.

which is expected to take 18 months, we will select dieta_ supplement agents that are most

effective in suppressing radiation-induced oxidative stress in vitro and in animals. The levels of
oxidative stress in cultured cells will be determined b_ the dichlorofluorescein (DCF)

fluorescence assay and the protein carbonyl measurement. In animals, the protein carbonyl
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content in breast tissue,colon epithelial cells and blood (white cells and plasma)and the
isoprostaneconcentrationin urinewill bemeasuredasthe indicatorsof oxidative stress. It is
expectedthat aradiationcarcinogenesisstudywill takeplaceafterthe initial phaseof thestudy
to determinethe effectsof the selecteddietary supplementagentsin preventingradiation-
induced cancer development. The effects of the selecteddietary supplementagentson
radiation-inducedoxidativestressandradiationinducedcarcinogenesiswill thenbecompared
to determinewhetherthetwo effectsarerelated.

a. Selectionof dietarysupplementagentsandagentcombinationsthat reduceradiationinduced
oxidativestressin culturedcells. Humanbreastepithelialcells(MCF10) will be irradiatedwith
y-rays, with and without supplementation of the media with agents known to reduce oxidative

stress. The supplements to be added to the cultures will include the following as single agents
or as combinations: vitamins C, E, folic acid, glutathione, N-acetyl cysteine, selenium, lipoic

acid, niacin, thiamin, Co-enzyme Qi0 and the soybean-derived Bowman-Birk inhibitor. The

dietary supplement agents or agent combinations that are effective in reducing y-ray-induced
oxidative stress will be tested in the cells irradiated with protons and I-GeV iron ions to

determine their efficacy in reducing oxidative stress induced by these types of radiation. It is

expected that studies on oxidative stress in vitro will go on throughout the grant period.

b. Determination of the effect of selected dietary' supplement agents on radiation induced

oxidative stress in Sprague-Dawley rats. Sprague-Dawley rats will be irradiated with y-radiation

to determine the optimal dose of radiation and time for the measurement of oxidative stress in
the irradiated animals. The levels of oxidative stress will be determined by measuring the

protein carbonyl content in breast tissue, colon epithelial cells and blood (white cells and

plasma) and the isoprostane concentration in urine. After the optimal dose and time are

established in the system, Sprague-Dawley rats will be irradiated with and without dietary

supplements to determine the ability of these agents to reduce radiation induced oxidative stress
in vivo. The dietary supplements to be evaluated will include the agents shown to be effective at

reducing the levels of radiation induced oxidative stress in the in vitro studies described above.

It is also planned that Sprague-Dawley rats will be exposed to a single dose of radiation from I-

GeV iron ions, protons or photons with and without a single dietary' supplement. The plasma

carbonyl content and urine isoprostane concentration will be measured in the samples collected
from irradiated and control animals to assess the efficacy of the dietary supplement agents in

inhibiting radiation-induced oxidative stress in the animals.

The key findings of the project
This grant was funded as of 10/01/01; thus, the experiments described for this project have only

recently begun (this report is being written on November 16, 2001 ). A discussion of research

findings is not reasonable at this time.

The impact of these findings on the hypotheses or requirements (technolog)'), objectives

and specific aims of the original proposal.
As the project has only recently' been funded, the impact of the findings is unknown.

The proposed research plan for the coming year.
The research plans tbr the coming year are as described in the original project.
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I RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Radiation Effects

Marcelo E. Vazquez, M. I)., Ph.D.

Brookhaven National Laboratory

CNS Damage and Countermeasures

Project Executive Summary

Space travel beyond the Earth's protective magnetic field (for example, to Mars) will involve
exposure of astronauts to irradiation by high-energy nuclei such as 56Fe (HZE radiation), which

are a component of galactic cosmic rays. These particles have high linear energy transfer (LET)

and are expected to irreversibly damage cells" they traverse. Exposure to HZE radiation may

therefore cause progressive deterioration of brain function, adding to other inescapable damage

involved in normal aging. We propose a study of the hypothesis that long-term behavioral
alterations are induced after exposure of the brain to 1 GeV/n iron particles with fluences of one

to eight particles/cell targets. Previous studies support this notion but are not definitive,

especially with regard to long-term effects. Our principal goal is to examine the neurological

effects of high-LET radiation on C57BL/6 mice using a series of behavioral tests to unveil the

temporal expression of altered behaviors in the radiation response, as well as the means, which
can modulate these responses. The studies proposed in this application are designed to: 1)

Characterize the behavioral consequences after exposure to low-fluences of heavy ions and

protons on C57BL/6 mice. The main behavioral endpoints to be used in these studies are

locomotor activity to evaluate the integrity of striatal dopaminergic pathways, and spatial

reference memory to probe hippocampal cholinergic pathways. 2) Characterize the
neurochemical and structural changes induced by heavy ions and protons. 3) To develop

countermeasures to protect neural cell populations exposed to low fluences of heavy ions and

protons. The project will test methods to protect injured neural cells based on their molecular
and cellular mechanisms that may regulate neural cell survival in the central nervous system.

Among the methods that will be studied is the direct administration of neuroprotective molecules
as well as the modulation of apoptotic pathways by pharmacological manipulation. The effects

of three different neuro/radioprotectors (GMI, melatonin and PTF-_) on the levels of radiation

induced neurochemical and structural damage will be compared with the level of behavioral

alterations to determine a cause/effect relationship.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Radiation Effects

Marcelo Vazquez, M. D., Ph.D.

Brookhaven National Laboratory

Risk Assessment and Chemoprevention of HZE

Induced CNS Damage

Project Executive Summary

Because successful operations in space depend on the performance capabilities of astronauts,

radiation-induced neurological damage, could jeopardize the successful completion of mission

requirements, as well as have long-term consequences on the health of astronauts. It is therefore

necessary to understand the nature of this risk in order to assess its seriousness and to develop

countermeasures. Compared to the large literature associated with radiation therapy, knowledge
is limited about the cellular and molecular responses of cells to high-LET HZE radiation in

general, and very limited about the central nervous system (CNS) specifically. Therefore, we

propose to compare the effects of charged particle (Fe, Si). protons, gamma and x-ray radiation
on the cells of the CNS, namely neurons and glial (astrocytes and oligodendrocytes). Cell
cultures of CNS cells, both cycling and post-mitotic differentiated cells, will be utilized as model

systems. We will test the hypothesis that exposure to low fluences/doses of heavy.' ions and

protons can induce cell death in neural CNS neural cells and that increasingly dense ionizing
radiation will be increasingly toxic. The activation of two separate stress signal transduction

pathways will be examined (p53 and ceramide) Ibr their role in causing cell death or other
deleterious changes caused by irradiation. And w,ith respect to p53, we will determine which of

the post-translational modifications in regulating p53 function are relevant for charged particle
induced cell death. Finally. we will test the hypothesis that modulating the stress signal

transduction pathways will modi_' the radiation response of brain cells exposed to heavy ions

and protons, and test the efficacy several compounds as potential countermeasures tot HZE

radiation toxicity.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Smart Medical Systems

Lawrence Crum, Ph.D.

University. of Washington

Guided High lntensi_ Focused Ultrasound (HIFU)

for Mission-Critical Care

Project Executive Summary

Objective:
The principal objective of this NSBRI Smart Medical Systems Team project is to develop an

image-guided ultrasound therapy system for mission critical care. In long-term space flight
missions, a number of medical situations could develop that if not adequately, addressed would
result in mission failure. For example, although gravity is significantly reduced in space, inertia

is not, and the collision of an astronaut with a heavy object could result in blunt internal trauma
and its often associated internal bleeding. In addition, as recent experiences in Antarctica

demonstrate, medical conditions that require some form of surgery may well appear without

warning, even when extensive pre-screening is undertaken. We are developing a smart medical

device that will provide a versatile capability' to treat a variety of these mission-critical medical
conditions. We have demonstrated that a device that produces High Intensity Focused

Ultrasound (HIFU) can be combined with a device that provides ultrasound imaging to produce a

duplex system that can both image a particular condition of interest and provide therapy to
relieve the condition. "Image-Guided Therapy'" provides enormous potential for the treatment of

a variety of medical conditions. In addition, we have demonstrated that the components of such a

smart medical system can reasonably' be expected to be lightweight and portable.

Summary of Year 1 Results:
Smart Medical System. A small portable image-guided HIF[J system has been built for mission

critical care. Year 1 objectives were met. The engineering ob, iectives included adding computer

control of the system, a dynamically lbcusing transducer, lbcus tracking, a point and shoot trigger
for ease of use, and flexibility to synchronize with any uhrasound imaging system. These
advances have reduced the size of the system and the complexity of use. EAC members tested

the system on a tissue phantom in an October demonstration. The R&D objectives were to test
the ergonomics of the new transducer, to calibrate the system, to improve testing systems, to

develop a means to collect RF data from an ultrasound imager, and to work with RY data to

develop new imaging techniques. These objectives were also met and will be implemented in

year 2 and 3 prototypes.
Beyond NSBRI. We are leveraging our other HIFU work to assess the best treatment protocols

for a variety, of injuries, diseases, and procedures. That work has been on animals but our

devices are entering clinical trials for some applications. In addition we have teamed with a US

company' Engineering Acoustics, Inc. and applied for SBIR grants from NIH and DARPA to

produce and to commercialize a portable anaplifier tbr HIFU. Collaboration with the company
will accelerate advances in amplifier design that we have initiated with NSBRI funding and will

dramatically reduce our system size.
NSBRI Col'laboration With success on our own project in Year 1, we have also identified new

close collaborations with other NSBRI teams. There is synergy with other teams in ultrasound

imaging, bubble detection for decompression sickness, kidney stone diagnosis and treatment, and

stimulation of bone growth by vibration.
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RESEARCH AREA:

I PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Smart Medical Systems

Peter Davies, Ph.D.

Universi_ of Pennsylvania
Vascular Genomics in Gravitational Transitions

Project Executive Summary

Aims When changes in the biomechanical environment of the circulation occur, blood vessels

undergo well-orchestrated structural and metabolic remodeling to restore optimal function. We

propose that this remarkable adaptive ability lies at the center of orthostatic intolerance exhibited

by most astronauts on return to earth's gravitational field after modest-to-long periods in

microgravity. We are therefore mapping gene expression (transcription profiling) of the different
vascular steady' states exhibited in vivo (mouse) in simulated hypergravity and microgravity, and
the transitions, between them, in order to design better countermeasures for undesired vascular

consequences in long-term space flight.

Key findings

During the first 9 months we have refined the antisense RNA techniques necessa_" to ampli_'
RNA from small numbers of cells with high fidelity. This became necessary when it was

apparent that no literature exists tbr a rigorous test of the new RNA amplification protocols

required in the mouse experiments. In a model experiment, vascular cells were stimulated with
the cytokine TNF for which a small number of genes are known (through conventional Northern

analyses) to change. RNA from the same pool was analyzed by microarray with and without
amplification. Sophisticated bioinformatics analysis of 13,800 genes w'as performed. The data

from unamplified and amplified RNA were analyzed for fidelity, sensitivity and utility. The

expected prominent changes in known genes were detected in both groups with high retention of
accuracy, an essential requirement for the proposed in vivo gravity experiments. An interesting

additional and unexpected finding is that RNA amplification increased the detection rate of genes

whose differential expression was .just belox_ a significance threshold in the unamplified assay

i.e. greater sensitivity of detection of differential genc expression conferred by the linear

amplification techniques employed. Most important, these differences were confirmed by real-
time quantitative PCR of unamplified RNA. A manuscript is near completion (ref 2 below). This
work was necessary for the gravitational studies because no such analysis existed that rigorously

evaluates the accuracy of the transcription profiles arising from amplification of small amounts

of blood vessel.

Techniques for the dissection of mouse blood vessels, RNA isolation and amplification has been
verified under normal gravitational conditions. The microarray experiments are pending. These

are evaluative experiments to ensure that we can successfully perform the entire sets of protocols
from animal to bioinformatics and annotation prior to imposing simulated gravitational shifts.

Impact

The improved sensitivity of the amplification technique enhances the database of changes in gene

expression expected by simulated gravitational shift. Validation of this by real-time PCR (the

7gold-standard" in the field) strengthens the data that will be generated using our approach.
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Coming Year Plans

The murine suspension model of simulated microgravity is a well-characterized approach

suitable for inducing orthostatic changes that mimic microgravity. For studies of

hypergravitational changes, the facilities of the Chronic Hypergravity Exposure Centrifuge at

NASA/Ames are suitable for long-term exposure of mice at 3G to simulate return to earth (or

landing on Mars surface) after long term space travel.

Mice will be exposed to micro or hyper gravity for upto 28 days and the effects upon gene

expression in the major arterial system will be measured by the techniques outlined above.
Reversal of the conditions in both sets of experiments will also be evaluated on a temporal basis.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Smart Medical Systems

Mark S. Kiempner, M.D.

Boston Universi_

Smart Medical System for Detection of Microorganisms

Project Executive Summary

The goal of this program is to develop a revolutionary, non-culture based microbial detection,
identification and quantification system that can be used as part of a Smart Medical System for

exploratory space travel. Rapid detection and identification of microorganisms are critical to

many military and civilian applications ranging from food and water safety monitoring,
biological warfare agent detection and to diagnostic microbiology of human and other biological

specimens. For long-term exploratory space travel there will be a critical need for a smart
medical system to monitor the air and water supply for microbial contaminants, as well as an
intermittent need for assessment of biological specimens from symptomatic astronauts.

Current microbial identification systems are based on the gold standard of in vitro culture or

DNA/RNA fingerprinting. Both require considerable sample manipulation, delay in readout, are

semiquantitative and subject to interfering substances and contamination, and require additional

processing to resolve complex mixtures of microorganisms. This proposal involves the
development of a novel smart medical system to detect and identify bacteria through the use of
microsensors and includes three steps: 1) Development of "'fingerprinting" phage display

libraries which can detect, identify, quantify' and discriminate bacterial species in environmental

and biological specimens: 2) Application of phage displayed peptides and antibody fragments in

a microarray to the surface of a microsensor to demonstrate the microarray microbial fingerprint

response to selected bacterial species using optical readout and electronic MEMS resonator
arrays and to characterize the sensitivity and specificity for detecting and discriminating between

bacterial species using surface "_fingerprints:'" and 3) Development of algorithms from the

microarray response for the real time identification and discrimination of bacterial species.
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PROJECT TITLE:

Smart Medical Systems

Lakshmi Putcha, Ph.D.

NASA Johnson Space Center

Microcapsule Gel Formulation of Promethazinc

Hydrochioride for Intranasal Administration

Project Executive Summary

A continuing challenge for space medical operations at NASA is the management of pathology
associated with neurovestibular adaptation during space flight. A primary manifestation of this

problem, particularly in the first few flight days of shuttle missions, is space motion sickness
(SMS). The current treatment of choice for symptoms associated with SMS is promethazine

(PMZ). Although oral tablets and rectal suppositories have been used during space flights, the
intramuscular route appears to be most effective. On the other hand, intramuscular

administration of drugs is an invasive procedure and PMZ causes irritation at the site of injection.

A key research topic in the Smart Medical Systems area of the NSBRI 99-02 research
announcement is development of novel therapeutic modalities for remote site medical operations

such as space missions. In response to this initiative, the goal of the proposed research is to

develop an intranasal dosage formulation of PMZ that will provide crewmembers with a non-
invasive means of self-administering SMS medications. Accordingly. the following three aims

will be addressed: 1) Develop a microencapsulated, pH-balanced gel dosage formulation and a
combination form with a corticosteroid for intranasal administration of PMZ" 2) Establish the

release kinetics and shelf life of the optimized dosage forms: and 3) Assess bioavailability, nasal

mucosal irritability and toxicity of the selected dosage forms in rats.

The proposed formulation development will focus on tailoring tile release characteristics of the

dosage form to optimize therapeutic index and minimize irritability at the site of administration.
Once the optimal dosage form has been identified based on release kinetics and stability
characteristics, bioavailability, nasal irritability and toxicity after single and multiple dose
administration will be assessed in an animal model. Development of an intranasal drug deliveo'

system for motion sickness treatment will benefit pharmacotherapeutics in space as u_ell as on
Earth.
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Smart Medical Systems

Babs R. Soller, Ph.D.

Universi_ of Massachusetts Medical School
Noninvasive Measurement of Blood and Tissue

Chemistry

Project Executive Summary

Medical monitoring and diagnosis of acute and chronic conditions during long-duration space

flight is critical to the success of these missions and must be able to be carried out by personnel

with limited medical training and equipment. The most successful technologies will be those
that allow noninvasive measurement of multiple parameters that can be combined for algorithm-

driven decision making. Near infrared spectroscopy (NIR) has been successfully used to

noninvasively assess blood and tissue for the measurement of oxygenation, pH, glucose and
hematocrit and the diagnosis of cancer because NIR light can penetrate through skin and bones.

Currently, this technology is limited in its ability to accurately measure these parameters for

• people with dark skin color and significant fht content. The hypothesis of this proposal is that
NIR, in combination with unique statistical methods, can be used to noninvasively measure

blood and tissue chemistry for any human subject. This project v_ill develop new statistical

methods which will enhance the processing of NIR spectral data so that medical parameters can

be accurately measured on all humans, irrespective of skin color and gender. This new approach

will be demonstrated by developing techniques to noninvasively measure blood hematocrit and

muscle pH and oxygenation on human surgical and IC[! patients. These parameters are

important in diagnosing and treating hypoxia and trauma that may arise from exposure to
radiation, toxic chemicals and blunt or sharp injury. They may also be useful in evaluating

exercise as a countermeasure for extended weightlessness. The measured patient data will then

be used to develop algorithms to diagnose shock and hypovolemia and guide resuscitative

therapies. Finally. optical specifications will be developed to build a miniaturized system to
collect NIR data. This system will serve as a platlbrm for NIR measurement of multiple

parameters and the development of computerized algorithms to assisl in the diagnosis and
treatment of several medical conditions. The specific system demonstrated in this proposal is

intended to evolve into a medical monitoring system tot use during extended space flight, but

will also find immediate application in terrestrial hospitals, emergency vehicles and emergency
rooms.
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Smart Medical Systems

Jeffrey Sutton, M.D. Ph.D.

Harvard - Massachusetts General Hospital

Near Infrared Brain Imaging for Space Medicine

Project Executive Summary

This project is part of the NSBRI Smart Medical Systems Team. It develops and applies a new
technology, diffuse optical tomography (DOT), for portable non-invasive functional monitoring

suitable for neuroimaging in space. The technology has potential capabilities to:

• Quantitatively assess physiological adaptation (e.g., changes in intracranial pressure and

blood flow) associated with microgravity;

• Detect regional brain activity correlated with performance under altered circadian and

mental loads;
• Provide remote clinical assessment; and

• Guide treatment.

As assessed by NASA, the project addresses two of the tbur highest priority risk areas on the

Critical Path Roadmap (CPR). These are (1) trauma and acute medical problems, and (2) human

performance failure because of poor psychosocial adaptation. In addition to applications for

space, the developments of this project have relevance to Earth medical research and care. For

example, DOT is now being tested for monitoring stroke progression in patients with acute
cerebrovascular accidents.

The project brings together scientists, engineers and physicians at the Massachusetts General

Hospital/Harvard-MIT Division Health Sciences and Technology, and medical operations

personnel at NASA Johnson Space Center (JSC). to work collaboratively on the development

and testing of DOT as a space relevant technology', q'he original aims are to:

. Refine current DOT technology to build an instrument with improved spatial and

temporal resolution to detect brain activity non-invasively, and in real time, through the
intact skull:

Validate the improved instrument using functional magnetic resonance imaging (fMRi),

which is a standard technology, and test DOT as a portable brain imaging device for

assessing motor and cognitive activity under normal and sleep deprived conditions in

normal human subjects:

. Assess DOT, along with optical coherence tomography (OCT). to non-invasively measure
altered intracranial pressure (ICP) in neurological patients, given that altered ICP may

occur in the space environment: and

4. Refine a system for automated image interpretation using individualized brain models and

computational techniques.

During the first ,,'ear, key findings and accomplishmcnts include:
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• Therefinementof DOT instrumentationto validatethetechnologyusingfMRI;
• Observationsof an excellentcorrelationbetweenDOT and fMRI brain activity across

timeduringsimplemotortasks;
• The successful application of anatomical and functional MRI data, as constraints on the

calculation of DOT detected oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb) changes,

for brain mapping; and

• The development and off-line testing of a visuomotor task, termed SpaceDOCK. which
simulates a space relevant performance task and can be used in the optical/MRI

environment.

The impact of these findings are that they address the technology requirements set forth in Aim

1, and begin the validation process for DOT as laid out in the objectives and hypotheses of Aims

2 and 4. The preliminary motor data using simultaneous DOT and fMRI confirm one of the

hypotheses contained in Aim 2, namely that DOT and fMRl will be able to detect changes in

regional brain activity contralateral to motor movement. The development of SpaceDOCK
allows for testing a second hypothesis contained in Aim 2 concerning DOT and fMRI, and the

ability to detect frontal cortex changes as a function of mental load in normal and sleep deprived

subjects. The overlay of MRI and DOT data speaks to the issue of individualized, digitized
human, anatomical brain models upon which time-derivative functional data are used for

interpretation and display in real time (Aim 4).

In the coming year, the proposed research plan follows the timeline described in the initial

proposal. The project is on schedule and meeting all milestones. In year two, further DOT
instrument design and development will be achieved, with continued validation of DOT using

fMRI. Preliminary data on motor-sensory cortex activation will be confirmed and the results are

being prepared for publication. DOT testing using SpaceDOCK will commence in year 2, as will
studies on sleep deprived subjects. Patient populations with elevated ICP will begin to be

investigated, and continued development will take place on the in_brmatics system towards more
automated machine/human interface for DOT imaging in analog settings.
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.lames Thomas, M.D.

The Cleveland Clinic Foundation

Diagnostic Three Dimensional Ultrasonography:

Development of Novel Compression, Segmentation and

Registration Techniques for Manned Space Flight

Applications

Project Executive Summary

The NSBRI has identified that the efficient and automated delivery of health care in space is a

key research arena for the future. Specifically, they propose to develop a "Smart Medical
System" that will be able to monitor crew health, identify deviations from ground-based norms.

and allow timely intervention by crew members who may have only a moderate amount of

training in medicine. For the last three years, the principal investigator and colleagues have

worked closely with NASA scientists, flight surgeons, and engineers to optimize research and

diagnostic ultrasound aboard the International Space Station (ISS) and thus are well positioned to

develop the necessary tools and techniques to integrate ultrasound into the Smart Medical
System. A principal limitation of ultrasound technology is its extreme dependence on the

expertise of both the acquiring examiner and the interpreting physician. This is particularly true
of two-dimension ultrasound, where the examiner is required to obtain precisely oriented

anatomical sections of the organ of interest.

Three-dimensional ultrasound has the advantage of acquiring a large anatomic volume from a

single ultrasonic window, and thus may be less dependent upon the expertise of the examiner.

Furthermore. this large volume may contain sufficient anatomic landmarks to allow

unambiguous registration with previously obtained three-dimension data from either ultrasound

or other modalities such as magnetic resonance imaging (MRIt or computed tomography (CT).

One could thus envision a system by which whole organs or even the entire body would be

imaged in three-dimensions prior to launch: data which could be used to compare with

subsequently obtained three-dimensional data sets using in-flight ultrasonography. The overall

purpose of this grant is therefore to perform ground-based research, development, and validation
aimed at optimizing diagnostic ultrasound in manned space flight, with the following general

hypothesis:

Unifying hypothesis: Serial three-dimensional ultrasound examinations will enhance diagnostic

capabilities in manned space flight.
The technical aspects of this program will be pursued with the following specific aims:

1. Optimize the acquisition methods for three-dimensional sonography, utilizing reconstruction

and real-time techniques.

2. Develop techniques for registering anatomical images from tryo- and three-dimensional
ultrasound with those obtained from prior ultrasound examination and from magnetic

resonance and computed tomographic imaging, considered "'gold standards" for non-invasive

anatomical imaging.

3. Develop tools for abstracting, in an automated fashion, anatomical changes from serial three-
dimension and two-dimension ultrasound studies.
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4. Developalgorithmsfor theoptimalcompressionof three-dimensionalultrasoundimagesand
refinecurrenttwo-dimensionalcompressionalgorithms.

5. Assessthe ability of novice examinersto obtain three-dimensionalsonographicdatasets
following minimal training.

Theseobjectiveswill be pursuedusing data from a variety of in vitro, animal and clinical

models. In particular, we will take advantage of a well-established collaboration with the
National Institutes of Health, which permits highly sophisticated chronic animal models to be
examined with a minimum of additional resources. Although the tools developed here should be

applicable to any organ of the body, we will focus our efforts on the kidneys and the heart.

At the conclusion of this project, we anticipate delivering to the NSBR1 and its Smart Medical

System a set of algorithms and software for the non-rigid morphological registration and

comparison of serial two- and three-dimensional ultrasound data sets and validated algorithms
for optimal compression of four-dimensional ultrasound data. In addition to these technical
deliverables, our validation work on nephrolithiasis will provide important diagnostic clues for

assessing this condition in manned space flight. Similarly, the work on cardiac mass regression

following unloading will be invaluable to the NASA research and medical operations community

in assessing the impact of long-term space flight on cardiac atrophy and utility of prophylactic

countermeasures.
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Smart Medical Systems

James Thomas, M.D.

The Cleveland Clinic Foundation

Echocardiographic Assessment of Cardiovascular

Adaptation and Countermeasures in Microgravity

Project Executive Summary

The cardiovascular system undergoes significant changes in microgravity, including an early

cephalad shift of lower extremity blood volume, loss of plasma volume over 24 to 48 hours, and

long-term reduction in ventricular chamber volume and mass. In the weightless environment,
these alterations generally are well tolerated, but Upon return to Earth, astronauts often suffer
from serious orthostatic intolerance and reduced exercise capacity, changes that may limit the

long-term presence of man in space. It is essential that the mechanisms for these alterations be
understood so that reliable countermeasures can be tested and implemented. Hypovolemia,

cardiac atrophy, and autonomic dysfunction have each been hypothesized to contribute to this

post-flight debility, but their relative importance is unclear. Furthermore, it is unknown whether
actual abnormalities in the myocardium itself develop with long-term space flight. Therefore,

reliable portable noninvasive methods will be needed in order to detect and quantify these

changes.

Alone among such imaging modalities of radiography, magnetic resonance imaging and

computerized tomography, echocardiography has the unique ability to characterize
cardiovascular anatomy and physiology in ground-based models, pre- and post-flight, and most

importantly' during flight. Indeed, the Science Working Group (SWG) for the International Space
Station (ISS) Human Research Facility (ItRF) has recognized the primacy of ultrasound for

medical diagnosis and physiology research, with plans to launch a specially modified commercial
ultrasound instrument to the ISS in 2001. Echocardiography is similarly being used before and

after shuttle flights and in a variety of bed-rest studies sponsored by NSBRI and NASA.

Unfortunately, while ultrasound has the potential for high spatial and temporal resolution

imaging of the heart, in the past it has been severely limited by operator inexperience and

inconsistency in its subjective interpretation. Needed are new methodologies for assessing the

load-independent function of the heart and consistent, objective quantification of a wide range of
NASA echo studies, whether obtained on the ground, in flight or in experimental models. We

propose to provide such a facility while validating novel methods for the load independent
assessment of myocardial function. Our central hypothesis is that:

Microgravity affects cardiovascular function not only through changes in chamber volume and

mass but also through changes in myocardial properties.

A definitive test of this hypothesis is at least several }'ears away when dedicated life science

missions are possible aboard the ISS. However. within the scope of this grant, we propose

several specific aims that will be critical to the ultimate comprehensive stud,,,' of the
cardiovascular system in space. Key issues: 1) Validation of non-invasive Doppler

echocardiographic indices tbr the assessment of left ventricular contractility and relaxation

including color M-mode Doppler derived diastolic intraventricular pressure gradients (IVPG) and

tissue Doppler derived myocardial systolic and diastolic strain rates (e's, e'd): 2) Validation of

Doppler derived exercise cardiac output and contractile reserve and their potential utility for the
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early detection of myocardial dysfunction during prolonged space flight. Additional deliverables
to NSBRI: 3) Development and distribution of stand-alone software and algorithms for

implementing the quantitative analysis of Doppler echocardiographic data, as described above, so

they may be applied to ultrasound data obtained from remote sources; 4) Establishment of an

Echocardiographic Core Facility to the NASA research and clinical community, capable of

applying standard and novel analysis techniques in a rigorous fashion to echocardiographic data

obtained from selected ground-based experimental models, pre- and post-flight examinations,

and eventually from in-flight acquisitions.

If successfully implemented, these aims will allow the cardiovascular sequellae of space flight to
be studied much more rigorously, while providing consistent, objective echocardiographic

interpretation to the entire NASA community.
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Isaac N. Bankman, Ph.D.

Johns Hopkins University Applied Physics Laboratory

Development of a Space Qualifiable MRI System

Project Executive Summary

This proposal is to develop a proof-of-concept engineering model of a space qualified Magnetic
Resonance Imaging (MRI) system for small animals and astronaut limbs with mass of < 130 kg

and average power when on but not scanning < 1 kW and when scanning < 1.2 kW, not including

the processor. An onboard processor or a high-performance PC can be adapted. MRI provides

high-resolution, high-quality anatomical information without ionizing radiation so it can be

safely used repeatedly to track changes without deleterious effects. As a result, the study of
physiological alterations in space and the development, verification, and maintenance of

countermeasures will be significantly enhanced. Mice and small rat models are useful surrogates

to carry out in-orbit physiological studies. Measuring alterations in the limbs of astronauts,

especially the lower limbs, will provide partial confirmation of the effectiveness of proposed
countermeasures and the utility of Earth-based animal models. In-flight MR imaging of mice

and rats will especially benefit the countermeasure developments of several of the NSBRI

research teams. The proposed concept is based on traditional MRI principles and uses advanced

technology and advanced engineering techniques to reduce mass and power to acceptable levels.
The system consists of a 1 to 1.5 Tesla cryogen-free high temperature superconducting magnet

subsystem and advanced electronics that will have magnetic field inhomogeneities < 8 ppm over

a spherical imaging volume of I0 cm diameter and < 10 ppm out to 15 cm diameter. The magnet

cryocooler subsystem will be designed using high temperature superconducting materials to

significantly reduce the mass and power of the crvocooler. The highest resolution mode gives a
resolution of 117 microns for small animals over a spherical imaging volume of 6 cm diameter
and a resolution of 352 microns for human limbs over a spherical imaging volume of 18 cm

diameter. The standard resolution mode will provide a resolution of 234 microns and 703

microns, respectively. The pulse sequence scenarios used will be those traditionally used in MR

imaging to achieve images that are proton-density. 11 or T2 weighted so that a significant
amount of structural information will be available. Because of budget limitations, only selected

electronics will be reengineered to demonstrate the minimum mass and power that can be

achieved. We ask that the panel consider a supplemental budget request that allows redesign and
fabrication of all of the electronics to minimize mass and power. The team is composed of

individuals and organizations with a unique combination of expertise including: MRI systems

development at the General Electric Research and Development Center. advanced MRI

development and small animal experimentation at the Johns Hopkins School of Medicine, and

the development of reliable medical and lou'-mass, lo_v-power systems for space applications at

the Johns Hopkins University Applied Physics Laborato_.
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Jay C. Buckey, M.D.
Dartmouth Hitchcock Medical Center

Improved Bubble Detection for EVA

Project Executive Summary

Assembly of the International Space Station (ISS) requires extensive and unprecedented extra-

vehicular activity. Because spacesuits operate at low internal pressure, astronauts are highly

susceptible to decompression sickness (DCS), and a range of pre-breathe strategies are employed

to mitigate this risk. During ISS construction, in-suit Doppler bubble monitoring will be

provided to monitor for DCS risk. Doppler bubble detection is effective, but (1) it is motion
sensitive, (2) detects only moving bubbles, and (3) only detects bubbles that are approximately

80 gm greater.in size. Our goal is to build on the successful development of two novel
transcutaneous ultrasonic bubble detection and sizing instruments developed under NASA

funding that exploit bubble resonance (not Doppler), making the instruments capable of sizing
bubbles as well as detecting stationary, bubbles. One instrument is optimized for intravascular

bubbles in the 30 to 200 _m size range, and the other is optimized fbr extravascular bubbles in

the i to 10 _m size range. The intravascular bubble instrument has been demonstrated in
extensive in-vitro trials and prelimina_' in-vivo trials to detect and size intravascular bubbles

down to 30 lam in size. The extravascular bubble instrument is currently under development and
is intended to detect stationary bubbles in tissue. The ability to detect these small tissue bubbles

may be highly advantageous in terms of assessing DCS risk and developing efficient pre-breathe

strategies. The extravascular bubble-sizing instrument has been demonstrated in vitro down to
bubble sizes of approximately 1 #m. and it is presently being tested with tissue phantoms to
demonstrate in-vitro transcutaneous operation. This project will combine the Create

development team with the hypo- and hyperbaric facilities at Dartmouth-Hitchcock to validate

the application of these instruments lbr in-vivo, transcutaneous bubble detection. Testing and

application of these instruments in research and practical field applications may lead to ( 1) better
understanding of DCS and (2) improved monitoring and prevention techniques for DCS.
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Harry. K. Charles, Jr., Ph.D.

Johns Hopkins University Applied Physics LaboratoD'

AMPDXA Scanner for Precision Bone and Muscle Loss

Measurements During Long-Term Space Flight

Project Executive Summary

The purpose of the Advanced Multiple Projection Dual Energy X-ray Absorptiometu

(AMPDXA) Scanning System project is to design, build, and test a precision scanner system for

monitoring the deleterious effects of weightlessness on the human musculoskeletal system during

prolonged spaceflight. The instrument uses dual energy X-ray absorptiometry (DXA) principles

and is designed to measure bone mineral density (BMD), decompose soft tissue into fat and
muscle, and derive structural properties (cross-sections, moments of inertia). Such data permits

assessment of microgravity effects on bone and muscle and the associated fracture risk upon

returning to planetary gravity levels. Multiple projections, coupled with axial translation,

provide three-dimensional geometric properties suitable for accurate structural analysis. This
structural analysis coupled with bone models and estimated loads defines the fracture risk. The

scanner will t)e designed to minimize volume and mass (46 kg goal), while maintaining the

required mechanical stability' tbr high-precision measurement. The AMPDXA will be able to
detect !% changes in bone mass and geometo' and 5% changes in muscle mass.

The AMPDXA project is a ,joint effort between the NSBRI's Technology Development Team,
the Bone Demineralization/Calcium Metabolism Team, and the Muscle Alterations and Atrophy

Team. Its goal is to provide the high precision monitoring system necessary' to fully assess both
the deleterious effects of weightlessness on the bones and muscles and the effectiveness of an}

countermeasures. We believe that any' pharmacological or exercise-related countermeasures used

by astronauts to mitigate microgravity effects will require efficient and timely monitoring.

IVloreover, the monitoring device must be capable of being used by astronauts during spaceflight

so that feedback can be dynamically' employed to regulate countermeasure doses. The system

design will be such that intelligent, but not necessarily medically trained, personnel will be able
to create scans that will provide all of the accuracy' and precision necessary,'. Readouts and

displays for the AMPDXA instrumentation will be specifically designed to provide useful (real-

time) feedback information to both the astronauts and the ground-based physician monitoring

team (as permitted by' the mission dynamics).

We believe the key to understanding the mechanism of bone (and muscle) loss in space

(microgravity) lies in the bone's structural details and the changes in the structure due to

prolonged weightlessness. Our hypothesis is that throughout most of adult life, aging bones
become more structurally efficient and retain their strength even though BMD declines. The

homeostatic mechanism for strength maintenance depends on skeletal loading. Thus. to maintain

bone strength, normal loading on the skeletal system must be maintained. Absence of loading

during prolonged spaceflight (or disuse) can cause uncompensated loss of bone strength. Even
reduced loading (caused by muscle wasting and inactivity in the elderly) can cause a disruption in

the bone strength maintenance mechanism.

Current bone and muscle mass measurements (via conventional DXA or ultrasoundl are regional

averages that obscure structural details. Since the mechanical consequences of lost bone and
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muscle are reflected in the structure, an absolute determination of skeletal mechanical
competenceis neededto supplementthe lossmeasurements.Engineeringpropertiesof thebones
canbederivedfrom DXA-generatedBMD data. Our methodderivesgeometricalmeasurements
from the BMD images. From such images, we extract BMD profiles at important skeletal

locations (e.g., proximal shaft and femoral neck). Key properties measured and derived from

these profiles include the BMD, the subperiosteal width, the section modulus (related to

strength), and the cortical dimensions.

Under the original proposal effort, FY 1998-2000, the AMPDXA project made significant

progress in several key areas: (1) instrument development, (2) algorithm development for BMD

image extraction and structural analysis, and (3) bone reconstruction and modeling techniques.

During the FY 1998-2000 period, both a full-sized (1-meter source-to-detector distance)

Laboratory Test Bed and a Clinical Test Systeni were constructed. The Laboratory Test Bed was

utilized to verify principles and theoretical predictions and demonstrate that the AMPDXA

techniques worked and produced results with the expected precision. Results demonstrated

improvement in spatial and contrast resolution.

The Clinical Test System incorporates high-precision, rotational and translational stages to

provide the scanning capability to carry out qualification tests on human subjects. Since the

Clinical Test System is designed to operate only on Earth, the table, gantry, and associated

equipment were not built to the size and mass requirements of an AMPDXA unit for spaceflight.
In facL the unit was built on a used CT scanner. Employing used equipment tbr some of the

structural elements and rotating parts and machine_' allowed critical resources to be focused on

the information extraction and analysis issues leading to human testing.

The image extraction capability of the AMPDXA, where not only is the BMD image higher

resolution, but also the mass distribution in a projected thickness of a femur slice contains much
more structural detail than conventional DXA's. The high frequency content of the BMD spatial

projections are reproducible and provide intbrmation on the bone's microstructure. Using

multiple projections about the bone axis allows structural properties (e.g.. bending strength) to be
obtained independent of patient position. To do this, at least three arbitral' projections over 90

degrees (two of which are orthogonal) must be obtained. Such analysis can provide maximum

and minimum moments of inertia fbr bending or torsion in any plane. Initial experimental

measurements with different sets of three projections showed that the principal moments of
inertia could be determined within 3 to 4%. Additional projections (above 3) reduce this number

further. Our original experimental system also had some known non-linearities, which have

since been removed, and our error in the three-projection estimation of moments to less than 1%.

With the above baselines established under the original NSBRI funding, the specifications of the

FY 2001 (to FY 2003) follow-on proposal were:

1. Clinical Test System Calibration. Validation, and Optimization - Items to be
considered are the improvement of bone and soft tissue discrimination and the

reduction of scatter in the image data.

2. Algorithm/Software Development - Development of advanced algorithms for the
AMPDXA, including those for BMD, bone structure, soft tissue decomposition, bone
model reconstruction, and the risk of fracture simulation.

3. Pre-Clinical Testing - Ensure the reliability and safety of the AMPDXA system prior
to use on humans.

4. Human Testing - Stud} human subjects to demonstrate the accuracy and utility of the
AMPDXA.
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5. TestProcessAutomation- Automatethecontrolandimagedatagatheringprocessfor
theAMPDXA.

6. Protoflight TechnologyDevelopment/DemonstrationUnit - Addresstechnological
needsnecessaryto producea spacequalifiableAMPDXA weighingapproximately46
kg.

Based upon review commentsand funding limitations, most activities associatedwith the
developmentof the protoflight AMPDXA havebeenpostponedor eliminated. Instead,we are
focusingon resolving certainkey issuesaboutthe AMPDXA and then successfullyusingthe
AMPDXA for humantesting. Thesekey issuesinclude: (1) unequivocaldemonstrationthat
multiple projectiontechnologyimprovesBMD accuracyandcollects structuraldetails,(2) the
structural details can be convertedinto bone reconstructionmodels that preservemechanical
behavior,(3) thereconstructionmodelscanbeutilized to predictrisk of fracture,(4) soft tissue
caneffectivelybedistinguishedfrom boneanddecomposedinto fat andmuscle,(5) datacanbe
collected reliably and repeatedlyon humansubjectsusingthe Clinical Test Unit, and (6) the
Clinical TestUnit canbeutilized in researchstudieson boneandmuscleloss.

In pursuitof theseaims,theClinical TestSystemhasbeenmovedto a dedicatedfacility andis in
the processof being testedand calibrated. The systemwasmovedspecificallyso that human
testing could begin. Approval for our human testing protocol has been granted by the
InstitutionalReviewBoardattheJohnsHopkinsMedicalInstitutions.

Thescatteringproblemhasbeensolvedby theintroductionof a newhigh aspectratio (15:1)grid.
The grid, while performing in a superiormanner,causessome image and machinecontrol
complicationsthat arebeingcorrected.This imagehashigherresolutionthan the imagesfrom
our testbedandoffersgreatpromisefor thesystem'sultimateperformance.

Instrument control software with computerizedgraphical user interfaces has reduced the
requirementfrom two systemoperatorsto one. The featuresof the individual systembuilding
blocks have been retainedwhile creatingautomatedimage collection sequencesand safety
interlocks.

A full}' taperedcalibrationphantomhasbeenintroducedto providethemostaccurateconversion
of the x-ray attenuationinto boneandmuscleequivalentsand.hence,a high resolutionBMD
image. Suchinputsallow thecreationof advancedanalysissoftware,which ultimatelywill lead
to a directpredictionof fracturerisk..

The AMPDXA project has many implications for future researchand development. The
AMPDXA, as describedabove,has direct application to risk reduction in NASA's Critical
ResearchPath. The AMPDXA is capableof real-timemonitoringof boneand musclelossat
extremely high precision. Since the resultsare patient-specificand not tied to volumetric
averagesand statistical norms, the AMPDXA is a very useful tool for monitoring the
effectivenessof countermeasuresaswell asdeterminingrisk of fractureundervarious loading
conditionsandactivity scenarios.TheAMPDXA alsoappearsto bea naturaladjunctto Earth-
boundresearchon the effectof agingand disuseon boneintegrit}. It could alsobe usedasa
routine screeningtool for osteoporosisand as a monitoring instrumentfor osteoporosisdrug
therapy.
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Brian L. Davis, Ph.D.
The Cleveland Clinic Foundation

Design and Validation of a Dynamic Exercise

Countermeasure Device

Project Executive Summary

Bone demineralization is a well-documented physiologic effect of space flight. In l-G, animal

experiments have clearly indicated that (i) certain bone strains and strain rates do stimulate bone

deposition, and (ii) repetitive loading of the lower extremity can increase osteonal bone
formation even as proximally as the vertebral column. Such studies have also indicated that a

relatively small number of appropriate loading cycles may lead to bone deposition. Based on

prior research that we have performed with foot loading experiments, we propose the

development of a dynamic exercise countermeasure device (DECD) that utilizes jumping as the
mode of exercise for astronauts. This project falls under tile technology development designation

of the NSBRI program.

Our project will be divided into three phases. In year one we will collaborate with Foster Miller
Inc., a company that has expertise in the design of both lightweight structures and vibration

isolation methodology. The goal of this phase is to construct a device that permits dynamic

jumping exercise in microgravity and that is suitable for the International Space Station. A key

design component of this apparatus will be its ability to prevent vibrations and/or unbalanced
forces from being transmitted to the surrounding environment. In year two we will test the

system using our zero-gravity simulator that has been developed under NASA NAGW-5006.

Specifically, we will verify that muscle activation patterns and limb loading data are similar to
the results we have obtained thus far for tethered jumping in microgravity. In year three we will

confirm the efficacy of the DECD in true microgravity through KC-135 experiments.
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Richard H. Maurer, Ph.D.

,Johns Hopkins University Applied Physics Laboratory

Neutron Energy Spectrometer Flight Experiments

Project Executive Summary

High-energy charged particles of extra-galactic, galactic and solar origin collide with spacecraft

structures in Earth orbit outside the atmosphere and in interplanetary travel beyond the Earth's

magnetosphere. These primaries create a number of secondary particles inside the structures that

can produce a significant ionizing radiation environment. This radiation is a threat to long term

inhabitants or travelers for space missions and produces an increased risk of cancer and DNA

damage. The primary high energy cosmic rays and trapped protons collide with common

spacecraft materials such as aluminum and silicon and create secondary particles inside structures

that are mostly protons and neutrons. Indeed, the effect of tens of grams per square centimeter of

structure or atmosphere is to convert and multiply the primary proton "'beam" into a secondary
environment dominated by neutrons between several MeV and several tens of MeV. Charged

protons are readily detected and instruments are already in existence for this task. Neutrons are
electrically neutral and therefore much more difficult to measure and detect. These neutrons are

reported to contribute 30-60% of the dose inside space structures and cannot be ignored.

Currently there is no compact, portable and real time neutron detector instrumentation available

for use inside spacecraft or on planetary surfaces where astronauts will live and work.

As a product of our previous NSBRI funding during FY 1998-2000 we had designed and
fabricated an engineering prototype neutron spectrometer that was being prepared for F-15 and F-

18 aircraft flights from NASA Dryden Flight Center. The spectrometer consists of both low and

high energy subsystems. The detection of low energy neutrons (0.025 eV-1 MeV) is

accomplished using a conventional helium 3 gas tube and includes thermal and epithermal
neutrons. The detection of high energy neutrons (5-800 MeV) is achieved using a 5 mm thick

lithium drifted silicon solid state device. Both Iov, and high energy spectrometers have

undergone ground based evaluation and calibration using radioactive sources and accelerator
facilities.

We took data up to 39,000 feet in April 2000 on ascent (the plane was to fly at a planned 40,000

feet cruise level) when we experienced a corona breakdown in the high voltage supply systems
for both detectors. The instrument was returned to APL so that significant re-design of the

detector high voltage power supply systems could occur. The high voltage electronics of the low

energy detector were all co-located in the same compact volume so that it could all be adequately

potted fbr protection against brea'kdown at high altitude in the corona region. In contrast, a

hermetic enclosure was designed and fabricated from just two pieces of aluminum, a three

dimensional box and its top, for the high energy silicon detector and its associated high voltage

electronics. The aluminum top was grooved to accommodate a vacuum seal O-ring. The design
and fabrication of these improvements to the spectrometer took place between February and May

2001. The complete instrument was re-qualified in a medium sized vacuum chamber at APL
during late May and early June 2001 to a maximum altitude of 61.000 feet with a substantial

dwell time of two hours at 56,000 feet to provide almost 50% margin on the aircraft flight

altitude of 40,000 feet. The instrument was shipped to NASA Dryden on June 15, 2001.
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The neutronspectrometerwas flown 13-14August in a pod under the wing of an F-18. Both
flights weresuccessfulandthe datais beinganalyzed.A third successfulflight in thesamepod
underthe fuselageof anF-15wasexecutedin October2001.The main positiveresultfrom the
three flights is the verificationof our engineeringdesignand qualification and not the limited
dataobtained.The valuefor our hardwareis theprovenapproachto handlethe high voltageat
highaltitude in the coronaregionthat will beemployedfor a futureballoonflight duringwhich
scientificallyinterestingdatawill beacquired.

A proposalfor MANES (MArtianNeutronEnergySpectrometer)wassubmittedin August1999.
It wasselectedfor a stageof furtherdefinition in November1999asa potentialinstrumentfor
thethen-scheduledMars2003Lander.Thestatusof this instrumentandits fundingevolvedfrom
potentialindividual Mars2003Landerinstrument(December1999-February2000),to possible
combinationwith the JSCMARIE instrumentafter cancellationof the 2001 Lander in April
(March-May2000),to proposalfor anextendeddefinition phasefor a 2005Landerinstrument
after cancellationof the large2003Landerand selectionof thetwo Athena-Rovers-in-a-bagfor
2003in July 2000(May-August2000)_to cancellationafter NASA's restructuringof the Mars
explorationprogramin November2000.A grantof $123,000wasreceivedfrom JohnsonSpace
Centerfor accommodationanddefinition phasework on MANES from Februaryto Augustof
2000.

In January 2000 we were notified that our proposal titled "'Developmentof a Neutron
Spectrometerto AssessBiologicalRadiationDamageBehindSpacecraftMaterials"submittedin
March 1999in responseto NASA NRA 98-Heds-05would be fundedfor a periodof 3.5years
from May 2000 to November2003 at a level of $90.000per year for a total of $315,000.
Originally, our primary responsibilityunder this grant was to support Lawrence Berkeley
Laboratory,(LBL) personnelin theevaluationof spacecraftstructuralandshieldingmaterialsby
supplying a version of the neutron spectrometercompatible with ground-basedaccelerator
research.The first andonly collaborativeexperimentwascarriedout in January,2001.Lackof
NASA fundsfor beamtimehavecancelledheavyion experimentsat theBrookhavenAlternating
Gradient Synchrotron(AGS) originally scheduledfor September2001 and March 2002. We
fabricateda detector stack systemspecifically for theseacceleratorexperimentsduring the
summerof 2001.Wehaveverified its successfuloperationat ColumbiaUniversity'sRARAF in
November2001 and will now proceedwith our own spacecraftshieldingexperimentsusing
proton and heavyion beamsduring FY 2002. We havesubmitteda secondMaterialsScience
proposal titled "'Determination of Optimal Spacecraft Neutron Shielding Material
Configurations" in November2001 in responseto NASA NRA 01-OBPR-05.Funding, if
available from NASA, would begin about August 2002 and extend for four years at
approximately$130,000peryear(requested).

The major effort in detectorevaluationin FY 2000 was a seriesof experimentsat the Los
Alamos Neutron ScienceCenter(LANSCE) to measureenergydeposition in the 5mm thick
lithium drifted silicon detectorby neutronswith an energyrange from 20-800 MeV. The
experimentswereperformedby integratingour 5mmsilicondetectorwith theLANSCE time-of-
flight neutronspectrometeronthe90 meterbeamline to give simultaneousmeasurementsof the
incidentneutronenergy(LANSCEfissionchamber)andenergydepositedin ourdetector.Energy
depositionsof up to 150MeV wereseenfrom theup to 800 MeV incidentneutronsin our5ram
detector.A major eftbrt duringFY 2001wastheextensiveanalysisof theLANSCE dataandthe
successfuldevelopmentof a responsefunction for the detectorbetween20 and 600 MeV. We
verified our procedurefor deducingthe responsefunction by successfullycomparing its
outcomeswith the LANSCE beam monitor data in a Mind experiment.By using several
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thicknessesof polyethyleneshields in these experiments we began gathering experimental data

on the effectiveness of this material as a high energy neutron moderator. The report of these

shielding experiments will be published in the December 2001 volume of the IEEE Transactions
on Nuclear Science. The development of the silicon detector response function is now in

manuscript form and will be submitted to the journal Radiation Research before the end of 2001.
We have recently completed a set of experiments at Columbia University RARAF using mono-

energetic neutron beams between 10-20 MeV to extend the silicon detector response function

down to those energies. These experiments included a Cesium Iodide scintillation crystal

enclosing the thick silicon detector to discriminate against background gamma rays prevalent in

the target room.

The modeling component of this research program occurred on a continuous basis in FY 2000

and FY 2001. We concentrated on modeling the high-energy channel from detailed cross sections

of the basic neutron-silicon interactions using state-of-the-art computer codes. There are four

reasons to develop this advanced modeling capability': I) to assess the accuracy' of the codes

themselves to predict energy deposition in a silicon detector (by comparison with experimental

data); 2) to use the codes in understanding the experimental results: 3) to determine whether the
codes can be used to calculate the shielding and scattering effects of the instrument packaging

and surrounding environment (structure or atmosphere): 4) to assess the ability of the codes to

supplement the determination of the instrument response function at interpolated and

extrapolated energies (since it is impractical to test at intervals of 10 MeV for the whole energy
range). We have found that the GEANT4 code originally developed at CERN is the easiest to

use, is maintained in a timely fashion by its developers and reproduces our RARAF (2-20 MeV)

energy deposition data reasonably well. Wc have also contracted for the services of an

experienced modeler, Thomas Jordan, for use of the DOE-developed MCNPX code in simulation

and experimental planning and comparison with GEANT4 predictions.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Technology Development

Richard S. Potember, Ph.D.

Johns Hopkins Universit_ Applied Physics Laborato_

Real-Time Analysis of Biomarkers and

Countermeasures Using a Miniature Time-of-Flight

Mass Spectrometer

Project Executive Summary

Original Aims of the Project:

To design, develop and test a fast, portable gas chromatograph - time-of-flight mass
spectrometry (GC-MS) system for future human spaceflight applications. It will provide
complementary information to the MALDI method.

To demonstrate that the miniature TOF system is capable of detecting and quantifying
different biomarkers that appear in serum or urine during space flight. Detection and
quantification of critical biomarkers using the miniature TOF technology will allow real-time
monitoring of damage on-orbit, and the mass spectrometer can also be used to study the
effectiveness of countermeasures in spaceflight. The results of this effort should be

comparable to measurements made in a clinical laboratory facility using established assays.

I"o validate that the miniature time-of-flight mass spectrometer is an important diagnostic
tool that can be applied to measure important bone biomarkers and the effectiveness of

applied countermeasures in human urine and serum samples.

To compare standard methods of hormone analyses for melatonin and cortisol to that of the
Miniature Mass Spectrometer. The development of online methods for monitoring and
assessing the status of circadian organization is listed as one of the five primal' themes for
the Human Performance, Sleep and ChronobiologyTeam.

To develop sampling and sample preparation techniques that enable the MALDI TOF mass
spectrometer system to reliably detect, identify and quantify extremely low levels of chemical
and biological substances in complex body fluids with very low error rates.

Key Findings:

We have designed and built a portable gas chromatograph - mass spectrometry (GC-MS) system
for human spaceflight applications. This combination of miniature instruments will provide new
capabilities in the area of sampling, sample preparation, rapid quantitation of biomarkers and it
will allow us to apply our technology to other space based problems such as monitoring the

spacecraft environment for chemical and biological contaminants.

We have also completed our initial studies on oxidative stress biomarkers for the early detection
of oxidative damage to DNA caused by oxygen-derived free radicals. Potential sources of
oxidative stress of interest to NSBRI and NASA include ionizing radiation, chemical oxidants

and physiological and psychological stress. Accurate measurement of oxidative damage to DNA
and its repair is essential for understanding the mechanisms of disease tbr developing effective
countermeasures for the astronauts. Specifically, we have shown that oxidative stress biomarkers
can be measured using MALDI Time-of-Flight Mass Spectrometry at physiological
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concentrations.We studiedtwo compounds,8-OH-Adenineand 8-OH Adenine(L)to evaluate
the degreeof detectabilityof eachcompound. Our resultsshow that detectabilityis consistent
and independentof the type of nucleosideused. We arecurrently testingthesebiomarkersin
urinesamplesat this concentrationlevelandcomparingthe resultsfrom the MALDI instrument
to ameasurementmadeonaGC-MS.

We have also begun an investigationto detect Zoledronateby MALDI-TOF. Zoledronate
(Novartis) is being proposedas a countermeasurebone loss in space. Basedon preclinical
pharmacologicalstudiesreportedby Novartis, the drug is reputedly100-850timesmoreactive
thanpamidronatethat is in wide clinical use. Furtherstudieswith matrix selectionandanalysis
of patentsampleswill beconductedin year2 to determineif this is aviablemethodto track the
excretionof Zoledronateandit's byproducts.

Impact of These Fnding on Technology Objectives:

We are developing and testing a small, efficient time-of-flight mass spectrometer coupled to a
miniature gas chromatograph to rapidly identify important biomarkers and countermeasures for
human space exploration. We are using the time-of-flight mass spectrometer to evaluate critical
biomarkers and countermeasures that are indicators of bone loss, oxidative stress and the human

sleep cycle associated for extended space travel.

Mass spectrometry is a technique for determining the masses of molecules and specific
fragmentation products formed during vaporization and ionization. From detailed analysis of the
mass distribution of the molecule and its fragments, molecular identification is accomplished.
These molecular measurements can be carried out at the attomole (10 _8 molet level of material

using specialized laboratory-based instruments. The combination of specific molecular
identification and extreme sensitivity makes mass spectrometry one of the most powerful

analytical laboratory tools yet developed for detection and identification of chemical and
biological substances.

Proposed Research for Year 11:

(I) Portable Gas Chromatograph - Mass Spectrometo" (GC-MS)

System for Human Spaceflight Applications
In year 2, we will complete the Year 2 milstones begun in 5'ear 1: test and evaluate new
instrument system with spiked samples. We also expect to begin to work on the year 3 milestone
to test and evaluate system with complex urine samples.

(2) Measurement of Oxidative Stress using TOF Mass Spectrometn'
In year 2, we will complete the milstones: Validate mass spectral analysis using GC, HPLC or
RIA and down select biomarkers for study with urine samples.

(3) Zolendronate: a Countermeasure to Bone Loss in SC! Patients
In year 2, we will Analyze serum andurine samples for Zolendronate and related biproducts.

(4) Assessment of Circadian Status Using the Miniature Mass Spectrometer
In year 2 we will analyze the urine samples from Harvard for the excretion of" the melatonin
metabolite, 6-sulphatoxymelatonin.
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RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Technology Development

Yi-Xian Qin, Ph.D.

State University of New York - Stony Brook

A Non-lnvasive Scanning Confocoi Ultrasonic

Diagnostic System for Bone Quality

Project Executive Summary

The goal of this project is to develop a new technology for monitoring bone quality of humans

during long-term space missions and on Earth. This will lead to a better understand of the

progressive adaptation of bone loss in astronauts subject to microgravity and aging populations,
and the ensuing musculoskeletal complications such as osteoporosis. Results of the joint
Russian/US studies of the effect of microgravity on bone tissue demonstrated that bone loss

proceeds at an average rate of 2% per month, ranging from no loss in the area of upper skeleton
to as much as 14-20% loss in the skeleton of the lower body following a 14.5-month long

mission. While these results are detected only when astronauts returned to Earth, the rate of bone

loss during space mission is still unclear.

This research is to develop a portable scanning confocal acoustic diagnostic (SCAD) system

capable of generating non-invasive, high-resolution ultrasound (US) attenuation and velocity

maps of bone, and thus determining the relationship between ultrasonic specific parameters and

bone mineral density (BMD), bone quality, as well as bone's physical properties (i.e., stiffness
and modulus). This system is relevant not only for ground-based determination of bone's physical

properties, but can effectively be used in the space environment for determining even subtle
changes in density and strength during extended flights. In this study, we plan to develop a 2-D

ultrasound scanning system, and validate the structure and density information, detected by

SCAD, using p.CT and mechanical testing methods in ex vivo animal models, as well as

correlating to in vivo DEXA data derived from humans. The system will thus contribute to

monitor degree and risk of bone loss in space and Earth. as well serve as a major step towards

clinic usage as an early diagnostic of osteoporosis. There are proposed a series of four original

specific aims (S.A.): ( 1) Develop a scanning conlocal acoustic diagnostic O'stem./or non-invasively
mapping wave veloci_, and attenuation in bone, (2J Determine an interrelationship between
ultrasound determined parameters, i.e., velocity and attenuation, and micro architectural

parameters in a quantitative manner, (3) Develop a practical SCAD systenz./br determining bone

quali O, properties with quantoqed bone mass reduction: and (4) Map and monitor .special
directional and orthotropic strength of bone to predict BMD and structural modulus in vivo using

the SCAD, and correlate these measurements to DEXA results.

During the award year (2001-2002), the research team focused on technology development of

SCAD system (S.A.I) and validation between SCAD determined acoustic parameters and bone

quality data (S.A.2). In a step further, human cadaver and in vivo subject testing were also
initiated. The SCAD system for non-invasively mapping of wave velocity and attenuation in bone

has been developed for measuring ex vivo trabecular samples. A system design of an experimental

prototype was completed which includes acoustic, electrical, control and mechanical components.

As an important step towards a prototype for human testing, a 2-D ultrasound scanning system has
been built including converging ultrasonic transducers, micro-controller controlled 2-D scanning

stages, ultrasonic wave generator, love' noise amplifier, and real-time analog/digital (A/D)
transformer. A special designed controller is developed and synchronizes digital signals in acoustic
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wave, scan automation, and A/D transform. This development greatly reduces the scan time, e.g., it

requires less than 2 minutes for a 30x30 pixel region acoustic image with 1 mm resolution.

Ultrasonic attenuation and velocity are measured and calculated, and can be converted to image,

e.g., gray scale or virtual color mapping. A serial of testing for acoustic wave propagation in the

bone tissue were performed using ultrasonic characteristic frequencies of 500 kHz, 1.0 1.25, 1.5,
5.0, 7.5, 10.0 and 15.0 MHz. The optimal frequency was determined depending on the sites of

testing. A group of ex vivo bone samples was tested to evaluate bone quality and quantity.

Trabecular samples were prepared as lxlxl cm cubes, which were harvested from sheep femoral

distal condyle. These sheep were previously under a mechanical stimuli protocol for 1-2 years and
identified distinct bone mineral density using dual-energy X-ray absorptionmetry (DEXA). All

bone samples were mechanically tested by direct force-deformation in orthogonal directions, i.e.,

longitudinal, medial-lateral, and anterial-posterial, using a MTS universal test machine. The central

plane of the samples was scanned with ultrasonic attenuation and velocity using SCAD system. The
results of ultrasonic attenuation and velocity were correlated with mechanical moduli of the sample.

While using a single transmitted ultrasound signal, there were weak correlations between measured
BUA and micro-CT determined osteo-parameters, e.g., BMD (R=0.53)_ porosity (R=0.53),

trabecular thickness (R=0.20) and trabecular space (R=0.75), as well as average modulus (R=0.63).

These correlations were significantly improved using the scanning confocal ultrasound method.

Strong correlations are observed between SCAD determined BUA and micro-CT determined

parameters, i.e., BMD (R--0.78), porosity (R--0.78), trabecular thickness (R=0.5) and trabecular

space (R=0.88), as well as average modulus (R=0.81).

These results suggest that SCAD can provide much detailed information than the single

ultrasonic measurement in determining osteoporotic related parameters. Thus, a well-established

SCAD system may provide a significant impact in diagnostic of osteoporosis and bone quality.

Preliminary results may provide insight for addressing the risks of bone loss during prolonged space

mission, age-related acceleration ofosteoporosis, and monitoring healing of fracture.
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I RESEARCH AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT TITLE:

Technology Development

Veljko Radeka, Ph.D.

Brookhaven National Laboratory

Heavy Ion Microbeam and Micron Resolution Detector

Project Executive Summary

The ability to place discrete numbers of particles in defined cellular and extracellular locations is

now possible by using microbeam irradiation facilities. Such a facility permits heavy-ion

radiobiology to address specifically the impact of signal transduction between cellular

compartments as well as issues related to intercellular communication at limiting low fluences

where not all the cells in a population have been traversed by even a single particle. Moreover, a

high-energy, heavy-ion microbeam will permit to address an important unanswered question:
whether neurons that survive traversal by HZE particles develop changes as a late consequence

of the damage they incurred. Therefore, these low-fluence studies promise to aid in our
understanding of the consequences of exposure to high-LET radiation such as encountered in the

space radiation environment.

The purpose of the proposed project is to make possible such studies by developing the following
tools:
1. A microbeam of heavy ions (e.g., iron) at energies higher than at existing microbe am

facilities (3GeV/nucleon). The microbe am would have a sufficiently small diameter (about
10 micrometers) to localize the ions to a single cell.

2. An electronic position-sensitive detector for heavy ions with a position resolution better than
1 micrometer, to localize the position of ion impact within a particular region of the cell.

These developments will advance significantly the state-of-the art of high-energy, heavy ion
microbeams and of high-resolution heavy-ion detectors. For the cell studies employing these

tools, the necessary infrastructure will include a micropositioning stage with a microscope

and auxiiliary detectors.
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I. ABSTRACT

During space flight the cardiovascular system undergoes adaptive changes in structure and

function in response to microgravity and other factors. While these adaptations appear to be

associated with generally adequate cardiovascular performance during conditions of short-

duration space flight, they are not appropriate upon reentry into a gravitational environment. The

extent of cardiovascular adaptation appears to increase with duration of space flight. The extent

and implications of these adaptations for long-duration (months to years) space flight remain

largely unknown. Space flight is associated with a movement of fluid from the lower extremity

to the thorax and head, a modest decrease in intravascular volume, and a modest decrease in

arterial pressure. During space flight the cardiovascular system is not subjected to the stresses

associated with changes in posture in a gravitational field. Space flight is associated with, in

addition to microgravity, other physiologic stressors such as sleep disruption, confinement and

other environmental alterations which may also adversely affect cardiovascular structure and

function. As a result of the foregoing factors, space flight results in remodeling of the heart,

arterial and venous blood vessels, and the lymphatics. In addition there are alterations in the

neural and hormonal control systems.

Adverse effects of space flight on the cardiovascular system: 1) Upon reentry into the Earth's

gravitational field, astronauts experience orthostatic intolerance, which limits their ability to

function during reentry and after landing and possibly could interfere with the ability of

astronauts to egress fi'om the spacecraft under emergency conditions. Currently-used

countermeasures, such as oral administration of salt and water prior to reentry and application of

anti-gravity suits, do not adequately prevent orthostatic-intolerance, especially following long-

duration space flight. 2) A number of anecdotal reports suggest that long-duration space flight

might lead to an increased incidence of potentially serious heart rhythm disturbances. If space

flight does in fact significantly decrease cardiac electrical stability, the effects could be

catastrophic, potentially leading to sudden cardiac death. 3) Long-term space flight may lead to
a measurable reduction in cardiac mass. It is not known whether these cardiac alterations are

reversible and whether they pose a long-term health risk to astronauts. 4) Long-duration space

flight may exacerbate previously undetected cardiovascular disease, such as coronary artery

disease. 5) Long-term space flight may impair cardiovascular response to exercise.

The objective of the Cardiovascular Alterations Team is minimize these risks using the following

approach:

• Characterize and quantify the adverse effects of space flight on cardiovascular structure and

function

• Determine the mechanisms of these adverse effects

• Develop effective countermeasures to these adverse effects

• Develop new cardiovascular technologies for use in countermeasure development and for

spin-offapplications on earth

This approach involves an integrated team effort involving projects ranging from the molecular,

cellular, organ system, and whole animal investigations as well as computer simulations.



The team has already achieved advanced development of one countermeasure for orthostatic

hypotension, the alpha agonist midodrine. The team has progressed from ground based studies

to having two flight studies approved, one of which will be testing the midodrine

countermeasure, the other of which will focus on alterations in vascular control mechanisms.

The team has successfully developed two new technologies. One of these technologies,
measurement of microvolt T-wave alternans is a non-invasive means of assessing risk of

ventricular arrhythmias and sudden cardiac death. This technology is being used to determine

whether microgravity predisposes astronauts to ventricular dysrhythmias. This technology has

been successfully commercialized, cleared by the FDA, reimbursed by Medicare, and is in

widespread clinical use to reduce sudden cardiac here on earth. Sudden cardiac death claims

350,000 lives in the United States each year. The other technology is Cardiovascular System

Identification which non-invasively quantifies closed-loop cardiovascular regulation. This

technology is being used to assess mechanisms of post flight orthostatic hypotemion, and also

has applications for diagnosis and management of heart failure, diabetes and hypertension.

The team has developed effective cardiovascular computer models which have been used to

analyze and integrate data from multiple studies and evaluate potential countermeasures.

The cardiovascular alterations team looks forward to a continuation of the integrated team effort

to diminishing the risks associated with the adverse effects of space flight on the cardiovascular

system.
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II. INTRODUCTION

During space flight the cardiovascular system undergoes adaptive changes in structure and

function in response to weightlessness and other factors, such as sleep disruption, confinement

and additional environmental alterations. Space flight is associated with a movement of fluid

from the lower extremity to the thorax and head, a modest decrease in intravascular volume, and

a modest decrease in arterial pressure. In addition, there are alterations in the lymphatic, neural

and hormonal control systems. While these adaptations appear to be associated with generally

adequate cardiovascular performance during conditions of short-duration space flight, they are

not appropriate upon reentry into a gravitational environment. Furthermore, the extent of

cardiovascular adaptation appears to increase with duration of space flight, and the magnitude

and implications of these adaptations for long-duration space flight (that is, months to years)

remain largely unknown.

Specific adverse effects of space flight on the cardiovascular system include:

I) Impaired Cardiovascular Response to Orthostatic Stress Upon reentry into the

Earth's gravitational field, astronauts experience orthostatic intolerance, which limits their ability

to function during reentry. In many cases, the orthostatic intolerance is sufficiently severe that

astronauts cannot stand erect for some time after landing and thus may interfere with the ability

of astronauts to egress from the spacecraft under emergency conditions. Upon reentry into a

gravitational field blood pools in the dependent veins and arteries which leads to reduction in

preload to the heart resulting in a decrease in stroke volume, cardiac output and arterial blood

pressure. Factors involved in the development of orthostatic intolerance may include structural

and functional adaptations of the heart and arterial and venous blood vessels and lymphatics,

alterations in volume control mechanisms, alterations leading to an inadequate or defective

neural and hormonal regulatory response, alterations in local vascular reactivity, and

mechanisms controlling regional distribution of blood volumes and flows. Factors such as age,

gender, genotype, as well as occupational physical training and dietary history may affect

individual susceptiblity to the development of post-flight orthostatic intolerance. Currently-used
countermeasures, such as oral administration of salt and water prior to reentry and application of

anti-gravity suits, do not adequately prevent orthostatic intolerance, especially following long-

duration space flight.

2) Occurrence of Serious Cardiac Dysrhythmias A number of anecdotal reports suggest

that long-duration space flight might lead to an increased incidence of potentially serious heart

rhythm disturbances. If space flight does in fact significantly decrease cardiac electrical stability,
the effects could be catastrophic, potentially leading to sudden cardiac death. It will be

important to determine the mechanisms underlying this phenomenon in order to develop

appropriate countermeasures. Potential mechanisms that might lead to reduction in the stability
of the electrical substrate include electrolyte changes, changes in the neural and hormonal milieu,

and alterations of cardiac myocytes, myocyte connectivity and extracellular matrix resulting

from space flight. These alterations may in turn lead to changes in cardiac conduction and

repolarization processes which predispose to sustained rhythm disturbances.
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3) Diminished Cardiac Function Long-term space flight may lead to a measurable

reduction in cardiac mass, probably associated with cardiac remodeling. It is not known whether

these cardiac alterations are reversible and whether they pose a long-term health risk to

astronauts. Factors that may be involved in alterations in cardiac function include changes in

myocyte number, size, and geometry; changes in myocardial matrix and microvasculature;

alterations in myocyte and organ-level mechanical performance; changes in cardiac gene

programming; stimuli and signals that lead to loss of cardiac mass and remodeling; factors

affecting reversibility and recovery from these alterations.

4) Manifestation of Previously Asymptomatic Cardiovascular Disease Long-duration

space flight may exacerbate previously undetected cardiovascular disease, such as coronary

artery disease. Little is known about what conditions of space flight may tend to make pre-

existing disease symptomatic or accelerate the progression of the underlying disease. Also, we

do not know what procedures should be applied to screen astronauts for the presence of

asymptomatic cardiovascular disease prior to long term missions

5) Impaired Cardiovascular Response to Exercise Stress Long-term space flight may

impair cardiovascular response to exercise. Current inflight exercise programs appear adequate

to maintain aerobic exercise capacity.

The Objectives of the NSBRI Cardiovascular Alterations Team are to:

* Characterize and quantify the adverse effects of space flight on cardiovascular structure and
function

* Determine the mechanisms of these adverse effects

• Develop effective countermeasures to these adverse effects

• Develop new cardiovascular technologies for use in countermeasure development and for

spin-offapplications on earth

The Critical Issues faced by the Cardiovascular Team in addressing the Critical Risks

include:

• Development of Suhable Experimental Models

• Development of Suitable Experimental Approaches

• Development of Mathematical and Computer Models

• Development of New Cardiovascular Technologies

• Addressing the Multiple Conditions Imposed by Space Flight

• Countermeasure Development Issues

,,Determinants of Individual Susceptibility to the Adverse Cadiovascular Effects of Space Flight

• Development of Spin-offTechnologies to Benefit Clinical Medicine on Earth

•Development of a Space Flight Database
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HI. Research Program Structure and Design

The overarching intemions of the Cardiovascular Alterations Team are to:

• Characterize and quantify the adverse effects of space flight on cardiovascular structure and

function

• Determine the mechanisms of these adverse effects

• Develop effective countermeasures to these adverse effects

• Develop new cardiovascular technologies for use in countermeasure development and for

spin-offapplieations on earth

The program's overall strategy is dictated by the relevant risks: The following risks are deemed

to be high priority and are the focus of the team's efforts:

• Impaired Cardiovascular Response to Orthostatic Stress (14)

• Occurrence of Serious Cardiac Dysrhythmias (13)

• Diminished Cardiac Function (15)

The remaining two risks are deemed to be of lower priority:

• Manifestation of Previously Asymptomatic Cardiovascular Disease (16)

• Impaired Cardiovascular Response to Exercise Stress (17)

While some of the projects do address some aspects of these two risks, no one project principally

addresses these risks.

Additional non risk-based goals include those associated with the development of new

cardiovascular technologies for use in space and for earth based applications.

The current program is summarized in the Figure.

The Cardiovascular Alternations Team has recently been enlarged by having had three projects

(Bers, Coolahan, McCulloch) transferred from the former Integrated Physiology Team. This

transfer was the result of an NSBRI management decision that it was better for the computer

modeling and simulation projects to reside in specific teams rather than to be grouped in a

separate Integrated Physiology team. Mark's cardiovascular modeling project has been part of
the Cardiovascular Alterations Team since its inception and very well integrated into the team's

activities. Also, Dr. Murad's project was also just recently incorporated into the team. The

Cardiovascular Alterations Team now involves 16 projects (see Figure). While we have always

attempted to have horizontal communication across all team projects, with the growth of the

team to 16 projects we have decided to organize the projects into groups of Human Studies,

Rodent Studies, and Cardiovascular Technologies.
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FIGURE

Cardiovascular Alterations Team
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IV. RESEARCH PROGRAM ACCOMPLISHMENTS

Below we provide a summary of the accomplishments of the Cardiovascular Alterations Team.

Perhaps the principal overall achievement of the Cardiovascular Alterations Team in 2002 was

the advancement to flight testing of the midodrine countermeasure to the development of post

flight orthostatic hypotension.

This was a team effort that included animal studies that demonstrated that hind limb suspension
leads to venous and arteriolar hyporesponsiveness in particular to alpha-sympathetic stimulation,

computer simulations that demonstrated that increasing venous and arterial tone would be an
effective countermeasure, and human studies that demonstrated that a single small dose of

midodrine was highly effective in increasing tolerance to tilt after 16 days of bed rest. The

human studies also demonstrated that cardiovascular system identification measures obtained pre

bed rest can identify those individuals at greatist risk for post bed rest orthostatic hypotension.

This year a flight study has been approved in which the midodrine countermeasue will be tested

as a countermeasure to the development of postflight orthostatic hypotemion as well as testing

the ability of CSI measures to identify preflight those most likely to suffer post flight orthostatic

hypotemion.

Midodrine has been used under a Supplememal Medical Objective to date on one astronaut with

a history of severe post flight orthostatic hypotension. This individual took a single dose of

midodrine post flight and did not have any symptoms oforthostatic hypotension post flight.
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Discussionof Progresstowards meetingGoals

Projects addressing risk of Impaired Cardiovascular Response to Orthostatic Stress Most of the
effort of the Cardiovascular Alterations Team has been focused on the problem of post-flight

orthostatic hypotension, for this is a known current operational problem. In animal and human

studies we have studied mechanisms, proposed and tested countermeasures. We are examining a

wide range of factors including neural, vestibular, hornmnaL vascular, cardiac, lymphatic, and

genetic factors that may contribute to the development of orthostatic hypotension. We have also

developed new non-invasive techniques to study alterations in cardiovascular regulation resulting

from space flight. One such technique is Cardiovascular System Identification which involves

mathematical analysis of spontaneous second-to-second fluctuations in physiologic signals such

as heart rate, arterial blood pressure, cardiac output, and respiration to create an individualized

closed loop model of cardiovascular regulation. Finally, we have developed and utilized

computer simulations of the cardiovascular system to analyze data, investigate mechanisms,

evaluate proposed countermeasures, and refine hypotheses to be tested experimentally. The

dynamic interplay between animal, human and computer simulations has already led to the

proposing of the alpha-symphathetic agonist, midodrine, as a pharmacologic countermeasure to

the development oforthostatic hypotemion, and the successful testing of this countermeasure in

animal and ground based human studies. Flight studies of this countermeasure have been

approved and will begin soon. We are also developing an innovative pulsatile G-suit as a new
counternle4lsure.

Projects addressing risk of Occurrence of Serious Cardiac Dysrhythmias Several of the

projects relate to the development of life threatening dyshythmias in space. The focus here has

been to establish specifically whether simulated microgravity increases the risk of these

ventricular tachyarrhythmias. To test this hypothesis a new non-invasive technique has been

developed for the identification of subjects at risk of developing ventricular tachyarrhythmias -

measurement of microvolt T-wave alternans. This technique was has developed under NASA

and NSBRI support. This technique has been validated in multiple studies of patients with

increased sudden cardiac death. The technique has proven to be the best non-invasive predictor

of susceptibility to ventricular tachyarrhythmias and sudden cardiac death. It has been

successfully commercialized, cleared by the FDA, and approved by Medicare for reimbursement,

and is in widespread clinical use. Initial bed rest data using microvolt T-wave alternans suggests

that simulated microgravity increases the risk of ventricular tachyarrhythmias and and flight

studies will shortly be initiated to test this in astronauts pre and post flight. Mechanistic ground

based studies will examine the effects of age and gender on susceptibility to ventricular

tachyarrhythmias. Also, current studies plan to evaluate aldosterone antagonists (spironolactone)

and alterations in dietary intake of electrolytes as potential countermeasures.

Projects addressing risk of Diminished Cardiac Function One project (Lorell) deals primarily

with the risk of diminished cardiac function and several other projects relate to this problem as

well. The focus here is to establish the development of atrophy and remodeling in ground based

models and to study molecular and genetic mechanisms and functional sequelae. We require

more flight data documenting the extent of space induced cardiac atrophy and remodeling that

occurs during flight.
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Projects addressing risk of Manifestation of Previously Asymptomatic Cardiovascular Disease

There are no current projects in this area. Although this is a lower priority risk than the first

three, we are interested in the question of determining what is the optimum set of screening tests

for astronauts to detect asymptomatic cardiovascular disease that may cause problems during

long duration space flight. We plan to solicit proposals in this area in the future.

Projects addressing risk of Impaired Cardiovascular Response to Exercise Stress Although

several of the projects address exercise this is not a primary focus of any of the current projects.
The reason for this is that the current in-flight exercise regimen appears to be adequate to

maintain aerobic exercise capacity.

Progress towards Development of New Cardiovascular Technologies for Space flight and Earth-

based Applications The progress of the Cardiovascular Akerations Team has been heavily

dependent on the development of new technologies which allow us to better understand, measure

and alter physiological processes. Technologies which we have developed and applied include

computer simulation technologies, Cardiovascular System Identification technology for the non-

invasive quantification of closed cardiovascular regulation, measurement of Microvolt T-Wave

Alternans to assess cardiac electrical stability, and ultrasound technologies for the non-invasive

assessment of cardiovascular function. One of these technologies (Microvolt T-Wave

Alternans) has already been successfully commercialized for clinical use here on Earth. We are

just beginning to develop a novel pulsatile G-suit as a countermeasure to the development of

orthostatic hypotension. Future progress of the Cardiovascular Alterations Team will continue to

be dependent, in part, on the development of new diagnostic and therapeutic technologies. In

the future we plan to solicit proposals which specifically focus on the development of novel

cardiovascular technologies with applications to both space and earth medicine.

Progress towards Integration The cardiovascular team strives to have a dynamic

interplay/integration between projects focused on animal studies, human studies, and
cardiovascular simulations. This intra-team interaction has been facilitated by team retreats and

telecons, With the recent enlargement of our team from 12 to 16 projects discussed above, going

forward we will have projects within each of the three areas (animal studies, human studies, and

cardiovascular simulations) also meet separately in addition to the team wide meetings.

In addition to our intra-team integration we interact with a number of other teams including

Human Performance, Neurobehavioral, Neurovestibular, Rehabilitation, Technology

Development, and Smart Medical Systems. Two of our project leaders (Cassone, Thomas) are

integrated into the functioning of other teams (Human Performance, Smart Medical Systems).

We plan to further promote this inter-team interaction.

In addition we have undertaken a critical review of past cardiovascular countermeasures that

have been proposed and/or tested so that we may incorporate evaluation of suitable

countermeasures into our prograrrL

15



HIGHLIGHTS

• The team's activities have been reported by the National Geographic, the NASA Headlines

website, and the NASA Spinoff Magazine

• Dr. Shirakawa of NASDA (Japan) spending one year at IV[IT in joint research effort.

Low sympathetic and high parasympathetic responsiveness as measured by CSI pre bed-

rest identifies subjects who will develop orthostatic intolerance post bed-rest.

Nearly all females are tilt intolerant following simulated microgravity while only 50 % of

males are - mechanisms being investigated.

One day bed rest does not alter MSNA to otolith organ stimulation.

Under Supplemental Medical Objective process one astronaut with a history of post flight

orthostatic hypotension treated with midodrine with good results.

Impaired HR, blood pressure, and myocardial contractility responses to transient.

hypotensive stimulus in mouse model (HLU) using conductance/micrornanometric

catheter.

Cardiac unloading directly modifies contractile reserve at level of myocyte, with distinct

molecular signature of reprogrammed Ca 2÷ regulatory genes.

Hindlimb unloading model of microgravity in rats produced an intense reduction of

contractile function in isolated thoracic duct lymphatics.

Hindlimb suspension abolishes the daily rhythm in heartrate, but body temperature rhythms

not affected.

Post-suspension hypotension is associated with increased levels of nitric oxide and

prostacyclin.

The genomic structure of the alpha and beta subunits of soluble guanylyl cyclase and the

intron-exon boundaries have been completed.

Computer simulations indicate that post-flight orthostatic intolerance cannot be explained

by a change in any single cardiovascular parameter.

Built High Level Architecture (HLA) based federation of APL medium-fidelity cardiac

simulation with MIT (Mark Group) RCVSIM cardiovascular simulation.

Develped a working three-dimensional model of cardiac electromechanics and

mechanoelectric feedback.

Developed computer model of cardiac myocyte.

3D finite element simulation demonstrates impact of pericardium in microgravity
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Summary of Accomplishments of Individual Projects

Human Studies Ground Based

Cardiovascular Effects of Simulated Microgravity in Man

Richard J. Cohen, M.D

Specific Aims

*Apply Cardiovascular System Identification (CSI) to study alterations in CV regulation during
head-down tilt bedrest

*Use Microvolt T Wave Alternans (MTWA) to assess alterations in cardiac electrical stability

*Evaluate alpha agonist midodrine as a countermeasure to the development of orthostatic

hypotension

*Evaluate the aldosterone antagonist spironolactone as a countermeasure to the development of

alterations in cardiac electrical stability

°Evaluate the effects of age, gender and sleep deprivation

Accomplishments/Findings

°CSI analysis completed on 29 subjects

eLow sympathetic and high parasympathetic responsiveness as measured by CSI pre bed-rest

identifies subjects who will develop orthostatic intolerance post bed-rest

*Bed-rest reduces autonomic reflexes as measured by CSI

°Midodrine effective countermeasure to the development of orthostatic intolerance in bed-rest

studies, flight study approved.

°Bed rest appears to induce MTWA, MTWA in widespread clinical use

*Dr. Shirakawa of NASDA (Japan) spending one year at MIT in joint research effort
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Renal and Cardio-Endocrine Responses in Humans to Simulated

Mierogravity

Gordon H.Williams

Specific Aims:

• Influence of gender and age on RAAS following Simulated Microgravity(SM)

• Effects of midodrine on orthostatic intolerance in women following SM

• Effects of spironolactone in older men on RAAS and on changes in myocardial electrical

stability resulting from Microgravity exposure

Accomplishments:

• SM and Sleep deprivation produced greater K ÷ loss through the bed rest period than SM
alone as well as a substantial decrease in serum K + levels

• Tilt intolerant males post SM have significantly more Na+ retention and K+ loss than

males who remain tilt tolerant

• Nearly all females are tilt intolerant following SM while only 50 % of males are. Potential

differences in Na+ and K+ balance are being assessed.

• 3 days after returning to normal posture activities, nearly all tilt intolerant males become tilt

tolerant even those who were tilt intolerant pre-SM.

Effect of Simulated Microgravity on the Vestibulosympathetic Reflex in

Humans

Chester A. Ray, Ph.D.

There is not differential control of MSNA in the arm and leg during altered feedback from

otolith organs in humans, but that greater vasoconstriction occurs in the calf than the forearm.

(Monahan and Ray. JPhysiol Lond 538:303-308, 2002)

• Semicircular canals but not otolith organs mediate changes in ventilation. (Monahan et al. Am

d Physio1282:R689-R694, 2002)

• Mental stress and hypoxia does not affect the vestibulosympathetic reflex. (Carter et al., d

Appl Physiol and Monahan and Ray. Am d Physiol, in press)

• One day bed rest does not alter MSNA to otolith organ stimulation
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HUMAN STUDIES FLIGHT

Mechanisms of Post Flight Orthostatic Intolerance

Janice Meek

Specific Aims

e Determine whether diminished post flight dorsal hand vein respomiveness distinguishes

between non-presyncopal and pre-syncopal astronauts

• Characterize changes in nitric oxide physiology pre and post flight

Accomplishments

• Completed definition phase review and final flight approval received

Effects of Space Flight on Cardiovascular Stability

Richard J. Cohen

Specific Aims

• Apply Cardiovascular System Idemification to study flight induced alterations in

cardiovascular regulation

Apply Microvolt T Wave Alternans testing to investigate the effects of space flight on

cardiac electrical stability

Test the effects ofmidodrine in preventing post flight orthostatic hypotension

Accomplishments

• Completed definition phase review and final flight approval received

• Under Supplemental Medical Objective process one astronaut with a history of post flight

orthostatic hypotension treated with midodrine with good results
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Animal Studies

Mechanisms of Cardiovascular Deconditioning

Artin Shoukas

Specific Aims

• To determine mechanisms of impaired stroke volume response (SV) in a rat model of

microgravity.

• To determine the role of myocardial contractility and loading conditions in the

impaired SV response

• To determine the role of cardiac atrophy in cardiovascular deconditioning.

• To determine molecular mechanisms of vascular (systemic and pulmonary arterial and

venous) hypo responsiveness in a rat model of micro-gravity.

• To determine the role of abnormalities in vascular smooth muscle Ca 2+

influx/release and myofilament Ca 2+ sensitivity in vascular hyporesponsivenss

• To determine the role of the endothelium in vascular contractile hypo-

responsiveness

• To test pharmacologic countermeasures based on mechanisms that impair both SV

responses, and vascular hypo-responsiveness in a rat model of micro-gravity

Accomplishments

• Impaired HR, blood pressure, and myocardial contractility responses to transient hypotensive

stimulus in mouse model (HLU) using conductance/micromanometric catheter

•Impaired contractile response to beta -agonist stimulation (as measured by sarcomere

shortening) in isolated cardiac myocytes from HLU mice

•Endothelial dependent (NO dependent ) and independent mechanisms contributing to vascular

hyporesponsiveness in multiple vascular beds

• Attenuated venular responses to exogenous NE in HLU rat model

• Established assay for periarterial.nerve stimulation (endogenous NE release) in mesenteric

vascular preparations and characterized alpha-l adrenergic receptor responsible for signaling at

neuroeffector junction (alpha-1 A and B).

• Inhibition of intraceilular pathway involved in modulating Ca2+ sensitivity (Myosin Light

Chain Phosphatase) by antisense oligonucleotides can enhance vascular contractility in ring

bioassay: potential therapeutic approach to OI and hypotension
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Cardiac Unloading: Biologic Mechanisms & Countermeasures

Beverly H. Lorell

Specific Aims

•To determine functional consequences of cardiac remodeling due to mierogravity unloading

using surrogate model of heterotopie transplantation:

•Effects on adult myocyte contractile function and Ca 2+regulation.

• Regulation ofaduk myocyte growth and programmed cell death (apoptosis).

• Identification of countermeasures which blunt cardiac atrophy and/or enhance

functional cardiac reserve.

Accomplishments/Findings

• Cardiac unloading directly modifies contractile reserve at level of myocyte, with distinct

"molecular signature" of reprogrammed Ca 2+ regulatory genes.

• Changes in contractile reserve relate to duration of unloading: implications for short vs long-

term human spaceflight on cardiac work capacity.

•Identification of 2 novel pathways for preservation of cardiac mass:

kinase-9 and anti-aging gene, telomerase reverse transcriptase.

cyclin- dependent

•Alpha-adrenergic stimulation selectively enhances myocyte contractility following long-term

cardiac unloading: major implications as human countermeasure to rescue cardiac work capacity

after long-term spaceflight.
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Circulatory Remodeling With Simulated Microgravity:

Effects of Simulated Microgravity on Lymphatic Function:

Michael Delp

Specific Aims

• Study the effects of simulated microgravity (hindlimb unloading in rats) on the contractile

function of isolated lymphatics.

• Evaluate the effects of hindlimb unloading on the sensitivity of the lymphatic pump and

vessel tone to changes in transmural pressure in rat lymphatics.

• Study the influence of hindlimb unloading on the sensitivity of the lymphatic pump and

vessel tone to changes in lymph flow in rat lymphatics.

-Accomplishments/Findings

• Hindlimb unloading model of microgravity in rats produced an intense reduction of contractile

function in isolated thoracic duct lymphatics:

• Reduction (50-75%) in the resting tone of thoracic duct.

• Reduction (30-60%) in the phasic contraction fi'equency of the lymph pump.

• Reduction (60-80%) in the strength of phasic contractions of the lymph pump.

• Reduction of pressure-sensitive stimulation of the lymph pump.

•Increased flow-sensitive inhibition of the lymph pump.

• Overall intense reduction in thoracic duct fractional lymph pump flow (40-90%).
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Microgravity and Circadian Cardiovascular Rhythms

Vincent M. Cassone

Specific Aims
• In a rat model:Determine the central pathways(s) by which the hypothalamic

supraehiasmatic nucleus (SCN) influences circadian changes in heart, blood pressure and

regional blood flow.

Determine the effects of mierogravity, employing an accepted method for simulation of

microgravity in rodents, on circadian changes in these cardiovascular parameters.

Determine the pathways by which these changes are mediated, so as to better design

countermeasures for future human uses.

Findings

• Hindlimb suspension abolishes the daily rhythm in heartrate

• But, body temperature rhythms are unaffected.

• This is similar to the situation observed in weightless conditions in which daily heartrate

patterns are decreased in amplitude, while body temperature rhythms persist.

Possible Countermeasures to Post-Suspension Hypotension in the Head-Down

Tilt Rat Model

Mohamed A. Bayorh

Specific Aims:

• Define the roles of nitric oxide and prostacyclin in post-suspension hypotension in the

Sprague-Dawley rat.

• Evaluate gender differences in post-suspension hypotension.

Accomplishments:

• Post-suspension hypotension is associated with increased levels of nitric oxide and

prostacyclin.

• U-51605 reverses the post-suspension reduction in blood pressure.

• There appears to be a gender difference in the vasodilatory mediators involved in post-

suspension hypotension. The prostanoids seem to be more affected in males; whereas,
nitric oxide is more involved in females.
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Development of a Soluble Guanylyl Cyclase

Knockout Mouse Model

Ferid Murad

Specific Aims

eDevelop a soluble guanylyl cyclase conditional and tissue specific knock- out mouse model.

Targeted tissues will be heart, vascular smooth muscle and brain.

°Using a tail suspension mouse model to simulate microgravity, examine the cardiovascular

functions of the animals.

Accomplish ments/Findings/Progress

°The genomic structure of the alpha and beta subunits of soluble guanylyl cyclase and the

intron-exon boundaries have been completed.

°The promoters of alpha and beta soluble guanylyl cyclase have been identified.

°The construct for the plasmid for microinjection ofblastocyst stem cells is almost complete.
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Modeling and

Technology Development

Computational Models of the Cardiovascular System and

Its Response to Microgravity and Disease

Roger G. Mark

Specific Aims

• Develop computational models of cardiovascular system capable of simulating

short-term gravitational stress

• Interface with human studies (at NSBRI and NASA) to optimize model design

• Test hypotheses regarding physiologic basis of orthostatic intolerance (OI) by

matching model to pre- and post-spaceflight astronaut data

• Aid countermeasure research by simulating interventions designed to prevent OI

• Apply cardiovascular model to clinical problem of intelligent patient monitoring in

intensive care units (ICUs)

Accomplishments/Findings

• Validated model against population average and individual subject data

• Established many collaborations to obtain and archive data for model comparison

• Simulations indicate that post-flight OI cannot be explained by a change

single cardiovascular parameter

• Created an extensive, searchable database of physiologic waveforms, parameters,

information from nearly 800 ICU patients (10 S patient-hours)

eInterfaced with Integrated Human Function Core by simulating exercise

in one

and clinical
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Distributed Simulation of Integrated Human Function

James E. Coolahan

Specific Aims

°Develop a computational model of the human ventricular myocyte, and a finite element model

of the geometry and fiber structure of the human heart

eDevelop a distributed simulation integrating cardiac electrical activity at JHU with cardiac

mechanical activity at UCSD, with simulation control at JHU/APL

eWorking with the NSBRI Team, select other cardiovascular simulations and develop a

distributed simulation of cardiovascular function linking several centers

eWorking with the NSBRI team, select muscle and bone models, and develop a multi-center

distributed simulation of multiple functions

Accomplish ments/Findings

°Built High Level Architecture (HLA) based federation of APL medium-fidelity cardiac

simulation with MIT (Mark Group) RCVSIM cardiovascular simulation

-Integrated and running in multi-computer configuration at JHU/APL

-Used to analyze arterial/ventrieular pressures tracings and baroreflex responses during

a run of ventricular taehycardia (not yet validated with clinical data)

-Presented at March 2002 Simulation Interoperability Workshop (selected as best paper)

°Working to expand cardiac-cardiovascular federation to include skeletal muscle and whole-

body metabolism simulations for human exercise simulation federation
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Integrated Modeling of Cardiac Mechanical and Electrical Function

Andrew D. McCulloch, Ph.D.

Specific Aims

• to develop anatomically detailed dynamic finite element models of three-dimensional

cardiac electromechanics

• To use these models to bridge systems models cellular dynamics and signaling with systems

models ofhemodynamics and cardiovascular regulation

• To apply these models to investigate cardiac responses to chronically altered external

loading conditions and develop simulations of cardiac adaptation to microgravity

• To implement the models using modular object-oriented software engineering techniques

that allow them to be readily integrated and used interactively

Accomplishments/Findings

• A working three-dimensional model of cardiac electromechanics and mechanoelectric

feedback

• New cellular systems models of cardiac excitation-contraction coupling, energy metabolism,

myofilament activation and adrenergic signaling

• A new release of our integrated object-oriented modeling software Continuity 6.0 that

includes a new graphical user interface, scripting language support and visualization engine

(http://cmrg.ucsd.edu)
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Integrative Cardiac Myocyte Model: Ion Channels, Ca and Contraction

Donald M. Bers

Specific Aims

• Develop more up-to-date electrophysiological myocyte model.

• Incorporate new Ca transport data on NaCaX, SR Ca uptake and release.

• Extend the model to include cooperative Ca-dependent contraction & relaxation.

• Implement model in highly accessible computer formats.

Progress

• Finish, Publish & Distribute LabHEART 4.7

• Finalize new compartment model INcx, SR, I... ?

• Develop user-modifiable equation version LabHeart 5.

• Add exercise (adrenergic) to models.

• Transport new model to LabHEART format.

• Develop Parameter sets: human, rat, dog, G-P (atria?)

• Tune currents (add IKACh, IKATP, ICI(CFTR_&Io(ca), other?)

• Develop local control Model variant (discrete junctions)

• Add ATP counter (SR-Ca-, Na/K- & SL Ca-ATPase)

• Add Mitochondrial Ca transport (to match our data)

• Connect TnC Ca-Binding to MF Mechanics model

• Connect AP-Ca-transient + Mito Ca & MF to energetics
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Echocardiographic Assessment of Cardiovascular Adaptation and

Countermeasures in Microgravity

James D. Thomas

Specific Aims

eAssess LV mass regression during chronic volume and pressure unloading

eValidate new echo modalities to assess myocardial function in microgravity

eValidate exercise contractile reserve for detection of early LV dysfunction

ePerform core echo measurements for other NASA and NSBRI researchers

eExtend quantitative tools to 3D echo

Accomplishments/Findings

Sgecruitment of 20 AR and AS patients undergoing AVR

el0 publications in Circ, JACC, AJP demonstrating basic validation and clinical application of

Doppler tissue imaging, strain rate imaging and transmitral color M-mode quantification of
ventricular diastolic suction

eExtension of strain rate imaging to bicycle exercise, applicable in space

eCore measurements performed for Boston bedrest studies (Cohen) and Dallas bedrest studies

(Levine)

eSofiware developed for compression, segmentation, and quantification of 3D echos, several

publications in JACC, JASE, AJP

e3D finite element simulation demonstrates impact of pericardium in microgravity
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NSBRI Human Performance Factors, Sleep and Chronobiolo_, Team Program Report 2002

NATIONAL SPACE BIOMEDICAL RESEARCH INSTITUTE

ANNUAL PROGRAM REPORT November 12, 2002

Team Name: Human Performance Factors, Sleep and Chronobioiogy Team

Team Leader: Charles A. Czeisler, Ph.D., M.D.

Professor of Medicine, Harvard Medical School

Director, Division of Sleep Medicine

Brigham and Women's Hospital; 221 Longwood Avenue;
Boston, MA 02115 USA

Telephone: (617) 732.-4013; Fax: (617) 732-4015

E-mail :caczeisler@hms.harvard.edu

Associate Team Leader: Megan E. Jewett, Ph.D.
Instructor in Medicine, Harvard Medical School

Director, Biomathematical Modeling Unit

Brigham and Women's Hospital; 221 Longwood Avenue:
Boston, MA 02115 USA

Telephone: (617) 732-6445; Fax: (617) 264-6785

E-mail: megan jewett@hms.harvard.edu

Team Principal Investigators:

Project 1: Optimizing Light Spectrum for Long Duration Space Flight

PI: George.C. Brainard, Ph.D. Jefferson Medical College of Thomas Jefferson University,

Department of Neurology, 1025 Walnut Street, Room 310. Philadelphia, PA 19107 USA

Telephone: (215) 955-7644: Fax: (215) 923-7588;

e-mail: Geor_e.Brainard(_b, mail.tju.edu

Project 2: Circadian Entrainment, Sleep-Wake Regulation and Performance during Space

Flight
PI: Charles A. Czeisler, Ph.D., M.D. (See address above under Team Lead)

Project 3: Countermeasures to Neurobehavioral Deficits from Partial Sleep Loss
PI: David F. Dinges, Ph.D.; Professor of Psychology in Psychiatry; Chief, Division of Sleep and

Chronobiology; Director, Unit for Experimental Psychiatry, Department of Psychiatry,
University of Pennsylvania School of Medicine; 1013 Blockley Hall, 423 Guardian Drive;

Philadelphia, PA 19104-6021 USA

Telephone: (215) 898-9949; Fax: (215) 573-6410;

e-mail: dinges(_!mail.med, upenn.edu

Project 4: Primate Circadian Rhythms in the Martian Environment
PI: Charles Fuller, Ph.D.; Section of NPB, University of California. One Shields Avenue, Davis.

CA 95616-8519 USA

Telephone: (530) 752-2979: Fax: (530) 752-5851,

e-mail: caful ler@ucdavis.edu
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Project 5: Mathematical Model for Scheduled Light Exposure: Circadian/Performance
Countermeasure

PI: Megan Jewett, Ph.D. (See address above under Associate Lead)

Project 6: A Model of Circadian Disruption in the Space Environment
PI: Michael Menaker, Ph.D.; University of Virginia, Department of Biology, Gilmer Hall, POB

400328, Charlottesville, VA 22904-4328

Telephone: (804) 982-5767; Fax: (804) 982-5626;

e-mail: mm7e(d!virginia.edu

Project 7: Circadian and Vestibular System Relationships

PI: Lawrence P. Morin, Ph.D. Department of Psychiatry, Health Science Center, SUNY, Stony
Brook, NY 11794

Telephone: (631 ) 444-1613; Fax: (631 ) 444-7534;

e-mail:lmorin@epo.som.sunysb.edu

Project 8: Long-term Exposure to Dim Light Desynchronizes the Circadian System of Rat
PI: Gianluca Tosini, Ph.D.: Assistant Professor, Anatomy/Neuroscience, Morehouse School of

Medicine, 720 Westview Dr., S.W., Atlanta, GA 30310-1495
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I. ABSTRACT

The success of human space missions depends on each astronaut remaining alert and vigilant

while operating sophisticated equipment and following complex procedures. During long-

duration space flight, the space environment affects a number of physiological systems critically

involved in human performance, and it is vital to mission success to understand the biological

limits of human performance under space flight conditions. This team is focused on these issues

and, in particular, is concerned with the following aspects of the space environment:

microgravity, altered light-dark cycles, altered or reduced sleep/rest opportunities, high levels of
automation, and habitation in a remote, inaccessible location. The primary thrust of this team's

research program involves altered circadian organization, sleep disruption and cumulative sleep
loss, and the associated neurobehavioral decrements occurring during long-duration space flight.

The goals of the Human Performance Factors, Sleep and Chronobiology (HPFSC) Team are to:

(1) Characterize and quantify the adverse effects of long-duration space flight on sleep and

circadian rhythms; (2) Characterize and quantify the effect of sleep loss and/or circadian

dysfunction on physical and neurobehavioral performance; (3) Understand the basic mechanisms

underlying the deterioration of sleep, circadian organization and human neurobehavioral function

during space flight; (4) Develop high-fidelity mathematical models of performance based on

circadian organization and sleep-wake history; (5) Develop effective countermeasures to

optimize sleep and facilitate circadian adaptation in the space environment and thereby maintain

optimal neurobehavioral performance; (6) Develop new methods for monitoring the status of

sleep, sleep homeostasis, circadian rhythmicity and neurobehavioral performance during space

flight, with possible spin-off applications on Earth.

The team research objectives are driven by the Critical Path Roadmap related to Human
Performance Failure because of Sleep and Circadian Rhythm Problems. The current research

program involves nine ground-based research projects. Many of the projects impinge on more
than one critical risk. The strategy of the Human Performance Factors, Sleep and Chronobiology

Team is to develop a synergistic interaction between research prqjects at the molecular, cellular.

organismic, and human ievels_ and to integrate predictive biomathematical modeling of the sleep

and circadian systems.
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II. INTRODUCTION

The need for sleep and an entrained circadian pacemaker have a sustained influence over many

biomedical systems essential for maintaining astronaut physical condition, mental health, and

performance capability. Dysfunction of sleep and circadian systems can adversely affect an

organism's ability to respond to environmental challenges and has been linked to physiological

and psychological disorders. The success of human space missions depends on each astronaut

remaining alert and vigilant while operating sophisticated equipment and following complex

procedures. During exploration class space missions, the space environment affects a number of

physiological systems critically involved in human performance, and it is vital to mission success

to understand the biological limits of human performance under such conditions. It has been
demonstrated that both acute gravitational changes and space flight disrupt circadian rhythms

and reduce sleep. Since circadian disruption and sleep loss result in both physiological and

performance deficits, this team is focused on these issues an& in particular, is concerned with the

following aspects of the space environment: microgravity, altered light-dark cycles and altered or

reduced sleep/rest opportunities that may involve extended durations of wakefulness. The

primary thrust of this team's research program involves altered circadian organization, sleep

disruption and cumulative sleep loss, and the associated neurobehavioral decrements occurring

during exploration class missions. This area has a high degree of relevance to a number of
cardiovascular and immune changes, neurovestibular alterations and nutritional needs, and

behavioral and psychological health in space flight.

The Human Performance Factors, Sleep and Chronobiology Team's program addresses risks and

hazards in space flight that have been identified in the Human Behavior and Performance

Discipline Area of the Critical Path Roadmap Baseline Document (2000). Specifically:
• Human Performance Failure Because of Sleep arid Circadian Rhythm Problems (19)

• Human Performance Failure Because Of Human System Interface Problems and

Ineffective Habitat, Equipment, Design, Workload, or In-flight Information and Training

Systems

Our team has the following three risk-based goals for its program:

Goal 1: Reduce the risk of human neurobehavioral or physiological per[ormance faih#'e due to

disruption o/circadian phase, amplitude', period, or entrainment during space exploration.

Goal 2: Reduce the risk of human neurobehavioral or physiological pet:/ormance failure due to

acute or chronic degradation of sleep quality or quanti O' during _pace exploration.

Goal 3: Reduce the risk of human neurobehavioral or physiological performance failure due to

habitat design, equipment design or workload distribution during space exploration.

The Human Performance Factors, Sleep and Chronobiology Team is focused on developing

countermeasures for the sleep loss and circadian dysfunction and associated neurobehaviorai and

physiological performance decrements that occur during long-duration space flight. These
countermeasures may include behavioral, pharmacological, environmental light or other adaptive

approaches such as meal timing to maintain function and performance under the adverse

conditions of exploration class space missions.
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III. RESEARCH PROGRAM STRUCTURE AND DESIGN

The Human Performance Factors, Sleep and Chronobiology Team is focused on developing

countermeasures for the sleep loss and circadian dysfunction and associated neurobehavioral

performance decrements that occur during long-duration space flight. The team research

objectives are driven by the Critical Path Roadmap related to Human Performance Failure

because of Sleep and Circadian Rhythm Problems. The current research program involves nine

ground-based research projects. The strategy of the Human Performance Factors, Sleep and

Chronobiology Team is to develop a synergistic interaction between research projects at the

molecular, cellular, organism, and human levels, and to integrate predictive biomathematical

modeling of the sleep and circadian systems.

In 2001, the HPFSC Team was substantially restructured. The current team is comprised of nine

PIs, six of whom are new NSBRI investigators. Three of these six new NSBRI investigators are

new to the space science community, a direct result of the recruitment efforts made within the

science community. In order to achieve the goals listed above, the Human Performance Factors,

Sleep and Chronobiology Team has identified the following six interrelated themes within this
research area:

A. Effects of long-duration space flight on sleep and/or circadian rhythmicity. The focus of
this theme is to identify and understand the mechanism underlying the effect of long-duration

space flight (microgravity, altered light intensity, loss of geophysical cues, isolation, altered

physical activity, etc.) on neurobiologic, endocrinological, and behavioral functions
(molecular, cellular and organismic) that control sleep and circadian systems.

B. Effects of sleep loss and/or circadian dysfunction on physical and neurobehavioral

performance. The focus of this theme is to identify and to understand the mechanisms

underlying the acute and chronic adverse effects that sleep loss, sleep disruption, and/or

circadian dysfunction have on critical physiologic and performance parameters during long-

duration space flight (e.g., neurophysiologic function, physiological alertness, vigilance,

cognitive pertbrmance, mood/morale, problem solving and communication).
C. Predictive modeling of performance based upon circadian organization and sleep

homeostasis. This theme is concerned with the development of analytical or phenome-

noiogicai mathematical models that predict individual human performance capability by

involving multiple subsystems (e.g., circadian rhythmicity, sleep homeostasis, work-rest
schedules, etc.) as an integrated unit across levels of organization, and by estimating the

impact of countermeasure use designed to optimize human physical and/or neurobehavioral

performance.
D. Countermeasures to optimize sleep and facilitate circadian adaptation in space and

maintain optimal neurobehavioral performance. The research program of this team will

not only define the impact of the space environment on sleep and circadian rhythmicity and

the effects of the sleep loss and circadian dysfunction on performance but also will develop

methods to counter the adverse physiological and behavioral events. These countermeasures

may include behavioral, pharmacological, environmental light or other adaptive approaches

to maintain function and performance under the adverse conditions of long-duration space

flight.
E. Monitoring and assessment during space flight. This theme deals with the development of

methods for monitoring the status of sleep, sleep homeostasis and circadian organization, as

well as technologies that monitor ambient lighting conditions on space shuttle and ISS and

assess and update the current functional status or performance capability of the individual

6
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The Human Performance Factors, Sleep and Chronobiology Team is focused on developing

countermeasures for the sleep loss and circadian dysfunction and associated neurobehavioral and

physiological performance decrements that occur during long-duration space flight. The initial

strategic research program for the Human Performance Factors, Sleep and Chronobiology Team

involves nine research projects that collectively address the five research themes described
above. The schematic of the circadian and homeostatic regulation of sleep and alertness and

physiological functions shown in Diagram 1 illustrates the relationships between the nine current

ground-based experiments that comprise the NSBRI Human Performance Factors, Sleep and

Chronobiology Team, with the principal targets of each project indicated. This diagram
illustrates the interrelated nature of these projects, designed to fill critical gaps in knowledge that

need to be filled in order to develop effective countermeasures for long-duration space flight.

Each of the individual projects is summarized below and in Table 1, including which goal(s) are

addressed and countermeasure targets.

Brainard et al.: Optimizing Light Spectrum for Long Duration Space Flight

The physiological changes caused by disturbed circadian rhythms and altered sleep-wake

patterns can result in decrements in alertness, concentration, and performance. This project
addresses these risk factors, which threaten the safety of personnel and the objectives of space

missions as stated in Goal 3.

Countermeasure targets include:
1. Identification of the optimum spectrum for photic resetting of the circadian pacemaker.

2. Design specifications for space suit visors and the windows used in space vehicles and

habitats;

3: Engineering parameters for the ideal spectral distribution for illumination of general living

quarters during space exploration.

Czeisler et al.: Circadian Entrainment, Sleep-Wake Regulation & Performance during

Space Flight
The intent of this project is to develop countermeasures to facilitate adaptation of the human

circadian pacemaker to the 24.65-h day length of Mars, which is outside the range of entrainment
of the human circadian pacemaker given the weak synchronizing stimuli within the Martian

habitat. This project applies to Goal 3.

The primary countermeasure target is to evaluate the efficacy of intermittent bright light pulses
as a treatment to reduce the risk of the misalignment of circadian phase, sleep disruption,

associated decrements in neurobehavioral performance and reduction in nocturnal growth

hormone secretion experienced by individuals exposed to the 24.65h Martian day.

Dinges et al.: Countermeasures to Neurobehavioral Deficits From Partial Sleep Loss

Using a response surface experimental paradigm (RSM), this project seeks to reduce
neurobehavioral deficits and fatigue due to inadequate sleep in astronauts by investigating how

variations in sleep duration and its circadian placement relate to the return of performance per

time invested in sleep. This project applies to Goal 2.
Countermeasure targets include determination of the amount of naptime necessary to

compensate for interrupted nocturnal sleep periods for the prevention of cumulative sleepiness

and performance deficits.
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Fuller et al.: Primate Circadian Rhythms in the Martian Environment

This project is focused on the ability of the circadian time system to synchronize to the Martian

photic (spectrum and period) by examining the effects of 1.0, 1.5 and 2.0G on the period of the

circadian pacemaker. A (3 vs. period model will be developed to predict the effect of the 0.38 G

Martian environment on the period of the circadian pacemaker. Long-term (4 months)

physiological and behavioral responses will be examined.
Countermeasure targets include the use of timed bright light pulses on circadian entrainment.

This program will develop a primate model to evaluate physiological and behavioral

consequences of long-term exposure of males and females to altered lighting and gravitational

environments, This project applies to Goals 1 and 3.

Jewett et al.: Mathematical Model for Scheduled Light Exposure: Circadian/Performance
Countermeasure

The intent of this project is to further develop and refine our mathematical dynamic stimulus

processing model so that it can accurately predict the phase and amplitude of the human
circadian system under any lighting system especially those which are in space. The

mathematical Neurobehavioral Pertbrmance model validated against performance data collected

will result in the development of a user-friendly Performance Simulation Software program.

This project applies to Risk-based goals 1 through 3 and Non-Risk-Based Goal 4 (see below).

Countermeasure targets include the design of shift schedules to allow astronauts to receive

available bright light at appropriate times for proper circadian alignment with their sleep/wake
schedules.

Menaker et al.: A Model of Circadian Disruption in the Space Environment

This project proposes to evaluate the effects of "constant" conditions and shift work schedules on
the maintenance of circadian rhythmicity when the central and peripheral structures are

abnormally phased. The resulting abnormal circadian organization is "_dysphasia." This project

applies to Goal 1.
Countermeasure targets include an evaluation of meal timing, melatonin administration, forced

exercise, and short pulses of complete darkness as a treatment to reduce the risk of circadian

dysphasia.

Morin et al.: Circadian and Vestibular Relationships

This project seeks to determine the route by which a correlate of the non-photic stimulus, i.e.,
locomotion, might gain access to the circadian rhythm system and shift rhythm phase. It has also

opened the possibility that the vestibular system is a specific route by which sensory information

related to head movement might gain access to the circadian system. This project applies to
Goal 1.

Countermeasure targets include an evaluation of a non-locomotor, non-photic three-dimensional
motion stimulus to activate functionally the vestibular and circadian systems, laying the

groundwork for the future development of novel approaches for the treatment of space motion

sickness and for resetting circadian phase.
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Tosini et al.: Long-Term Exposure to Dim Light Desynchronizes the Circadian System of
Rats

The goal of this project is to understand the mechanisms responsible for the desynchronization of

circadian rhythm in locomotion and the enzymes responsible for the production of melatonin.

Investigating the effect that internal desynchronization has on the immune response and motor

and cognitive performances. This project applies to Goal 2.

Countermeasure targets include an evaluation of the use of melatonin as a pharmacological

agent to counteract desynchronization of the circadian rhythms.

Turek et al.: Animal Model for Sleep Loss and Circadian Disruption

This project will focus on determining the effects of 12 hours of imposed wakefulness on

circadian rhythms, sleep-wake cycles, neurobehavioral and motor performance measures during

normal active and inactive periods. This project applies to Goals 1 and 3.

Countermeasure targets include treatment exercise and with either physiological or

pharmacological dose of melatonin reduce the effects of circadian disruption and sleep loss as
well as alleviate the adverse effects associated with work at different times of day.
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Diagram 1. Description of Current (2001) Program for Human Performance Factors, Sleep and

Chronobiology. This diagram illustrates the relationships between the different physiological systems investigated by the different

projects on the team. Illustrated is the influence of the retinal light exposure on the human circadian clock (circle with the oscillator
symbol _) and the influence on the sleep-wake state (S/W), and their effect on a number of physiological variables (melatonin,

temperature, etc.). A combined influence of the circadian clock and sleep-wake is exerted on neurobehavioral variables (sleep-wake

propensity, alertness, etc.). The sleep-wake state influence is illustrated via the intermediary of the sleep homeostat (SH), and sleep

inertia (S1). The global influence of factors associated to Space Flight (micro gravity, isolation, etc.) on the sleep and circadian

systems is also represented. The interaction of the Vestibular Nucleus (VN) and its output pathways with the circadian pacemaker is

being investigated by one project.
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Table 1.

HUMAN PERFORMANCE FACTORS, SLEEP AND CHRONOBIOLOGY PROGRAM

Project Research Activities

PI/Project

BRAINARD/Optimizing l.ight

Spectrum for Long Duration

Space Flighl

CZEISLER Circadian

Entraining. Sleep-Wake

Regulation & l'erformance

During Space Flight

DINGES,Counlcrmcasurcs to

Neurobeha_ ioral I)eficits from

Partial Sleep l.oss

Goals 1, 3

Goals I, 2

Goals I, 2.3

Risk(s)

Addres

sed

Countermeasure

Target

Optmmm light spectral
distribution

lntermincnt bright

light pulses

Naps and spht sleep
schedules

Experimental

System

I lealthy male and
lcmale human

subjects

Itealth', male and

female Imman

subjects scheduled to

non-24-hour day

lengths in an
on+ mmmenl shielded

from periodic, 24-h
time cues

Itealth} male and
female Imm_

subjects

Phase I Activities:

Focused Mechanistic

Research

Develop melatonin

lluence-response curves
below 440 nm and above

600 nm m human

sul_ieets Develop actit+l

spectrum between 400

and 700 nm in subjects
_ith dilated and

undilated pupils

Quantification of the

intrinsic period and the
limits of entrainment of

the human circadian

pacemaker: investigation
of the effect of circadian

misalignment on sleep+

neurobehavioral

pertbrmance and
neuroendocrine function

Mathematically track
neurobchavioral

pcrlbrmanee deficits
associated with chronic

sleep restriction

Ixaminc sleep efficiency

and architecture during

restricted sleep periods

at different circadian

Phase 2 Activities:

Preliminary

Countermeasure

Development

Research

Identification of optimum

light spectral
characteristics for

maintaining or adjusting

circadian phase and sleep-

wake cycle in astronauts

and ground control

workers. Preliminary. test
of monochromatic stimuli

for phase shifting human

circadian rh_cthms

Preliminary evaluation of

the efficacy of intermittent

bright light pulses on
circadian entrainment to
non-24-hour work-rest

schedules, as required on
Mars

Develop response surface

map paradigms to further
understand the interaction

between sleep duration,

sleep-wake placement md
neurobehavioral

functioning

Phase 3 Activities:

Mature

Countermeasure

Development Research

Assist in designing a novel

light panel lbr circadian
stimulation. Assist in

developing protocols for

comparing head mounted

light therapy devices

Full-scale clinical trial of

age and gender matched

astronaut surrogates living
for extended durations on a

non-24-hour work schedule

while exposed to intermittent

bright light at the most

effective wavelength

Development of optimal

sleep-wake schedules

(including main and

supplementary sleep

episodes) to ensure

maintenance of high level

neurobehavioral functioning

Note:

Goal I: Reduce thc risk of human nct.robcha', ioral or physiological pertormancc failure duc to disruption of circadian phase, amplitude, period, or entrainment during space exploration.

Goal 2: Reduce the risk of human neurobehavioral or physiological pcrfi_rmance failure due to acute or chronic degradation of sleep quality or quantity during space exploration.

Goal 3: Reduce the risk of human ncurobchavioral or physiological performance lailure due to habitat design, equipment design or workload distribution during space exploration.
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FULLER/Primate Circadian

Rhythms in the Martian

En_ ironment

Goals 1,

II

DetErmine the effect of

altered gravit3 on

primate circadian

rhythms, principally the

endogenous clock

JEWETT/Mathematical Model

for Scheduled Light Exposttrc:

Circadian/Performance

(_'otlntermeastlre

MENAKER/A Model of

Circadian Disruption in the

%pace Im ironmcnt

MORIN'Circadian and

Vestibular Relationships

TOSINI/Long-term I_xposurc to

Dim l,ight l)es._ nchronizcs the

Circadian S,vstcm of Rats

TUREK,Animal Model for

Sleep I.oss and Circadian

I) isruption

Goals 1,2

Goals 1.2

Goals 1,2

Goals 1,2

(ioals I, 2

Bright light pulses Rhesus monkeys as

hunlan surrogates

Large-diameter

centrifuge to produce
altered environment

DEsign of rcst/x_ork

and slccp/_ ake
schedules

('onplmg helv, ecn

muhiple circadian
oscillators

Allalolnlca] t_

lilllClioual iSsllCS

linking Ihe _,eslthular
& circadmn s', slev'ns

Coupling bet_ ten

central and pEriphEral
Oscillalots

[-_'XO gen o its illelatonwb

administration and

exercise

Controlled lighmg

period, intensity and

spcctra Long

duration exposure in
controlled animal

facilities

Previousl} colleEtcd
human data:

I ransgenic rat

incorporating a
cucadian lucifcrasc

reporlcr gene
An,llOmica[ tracl

Ir_lCill_ iiSillg retro

and anlerograde

transport of labels

Stud 5 or" brain

regions for stimtdi
rc';;pOllSES known to

alter '.estibular

limclions

Phase shifts in

circadian rh_ thins

Measuring

Expression of genem

peripheral tiSSUES

Mice

period

DEtermine the nature of

amplitude recover3'

dynamics of human

circadian system

DEscription of system

disintegration under

simulated space flight
conditions

I.hldcrstamdmg the basic
analorrtical & functional

pathwa'_ s linking
vestibular & circadian

s} stems

IdEntification of the

effects on the circadian

s3,stem of prolonged

exposure to conslant
conditions

N/A

Enhance entrainment

response to low light (ISS,
Martian habitat), reddish

light (Mars), and non-24

hour schedules by means

of exposure to light

pulses Definition of

bright light source for

light pulses. Studies will

address timing and

efficacy of bright

light exposure.

Design shift and sleep

schedules for proper

circadian alignment
Validate refined circadian

amplitude dynamics of

light model with data from

new human phase shifting

experiments

Repair system

disintegration with timed

application of light, food
and melatonin

N/A

Use of melatonin as

synchronizing agent

TEsting of the
effectiveness of

countermeasures

(melatonin, exercise)
usin_ a mouse model

.t."i

Projected application of

bright light pulses to prevent

loss of circadian entrainment,

sleep and rhythm

disturbances, performance
decrements.

Incorporate refined light
model into circadian

components of

neurobehavioral perlbrmance

model and predict the

performance in human phase

shifting experiments

Transfer working
countermeasures to humans

N/A

N/A
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In addition to the focus of the Human Performance Factors, Sleep and Chronobiology Team on

achieving Risk-based Goals, there are also a number of important, non-risk based goals that the

team is targeting, as follows:

Goal 4: Develop new methods for monitoring the status of sleep, sleep homeostasis, circadian

rhythmicity and neurobehavioral performance during space flight.

To achieve this goal, current studies are being conducted to assess the potential of using the

Actiwatch-L (a wrist-worn light and actigraphy recording device already approved for space

flight) to monitor sleep and light exposure of individual crew members while in space. This

device could replace more extensive polysomnography devices used in more recent studies of

sleep in space. Studies are also underway that compare the wrist-level Actiwatch-L light

recordings with eye-level light measurements. Work is progressing on the use of the Actiwatch-

L measurements as inputs to a mathematical model that can then predict the level of sleep

homeostasis, phase of circadian rhythmicity and relative neurobehavioral performance levels.

Goal 5: Develop new methods lbr monitoring ambient and retinal light exposure

(illuminance/photopic lux, broadband visible irradiance, and circadian effective
illuminance/circadian lux) on board .space shuttle and ISS during .space/light and on planetary

habitats.

For measurement of retinal light exposure in space, please see Goal 4 above. For ambient light

exposure, wall-mounted ambient light recording devices have been tested aboard the Space
Shuttle in the Neurolab flight. The team's current studies will help determine the circadian

effective illuminance and irradiance levels, and then these recording devices can be refined to

measure circadian-activating light levels more precisely.

Goal 6: Develop Earth-based applications o.[technologies.lbr non-invasively monitoring the

status of sleep, sleep homeostasis, circadian rhythmiciO' and neurohehavioral performance./or

industrial and medical use.

The polysomnography device that was developed for the recording of sleep in space in the

Neurolab Shuttle flight have become a useful, wire-free device for recording polysomnography

in lab-based and home-based basic science and clinical studies. This technology has the

advantage of being appropriate for use when ambulatory, and straight-forward enough for a

trained person to apply to themselves.
The use of salivary melatonin as a marker of circadian phase has been applied in both space and

on Earth and is a technology that allows the validation of experimental and modeling results in

field studies in which plasma melatonin measurements would not be possible.

Mathematical models that are developed to predict neurobehavioral performance in space are

also being used to determine appropriate shift scheduling, light exposure, sleep timing, and

countermeasure applications for shift workers, pilots, military and medical personnel, and

transportation workers who also face the challenges of restricted sleep and circadian

misalignment here on Earth. Neurobehavioral test batteries that are developed for these projects
are useful for the validation of mathematical models in field and laboratory studies as well.

Goal "7: Develop Earth-based applications of high:/idelio' mathematical models of performance

based on circadian organization and sleep-wake histor3'.lor industrial and medical use.

The mathematical models of performance that are being developed in this project can be applied

to any Earth-based situation in which it would be helpful to know the effects of a sleep/wake

13
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schedule and a light exposure pattern on resulting neurobehavioral performance (e.g., shift

workers, pilots, military and medical personnel, and transportation workers). Therefore, the

mathematical models developed here have been programmed into user-friendly simulation

software that can be used by anyone to predict neurobehavioral performance given light

exposure levels and sleep/wake history. This software is updated with model revisions and user-

interface improvements on a regular basis.

Goal 8: Develop Earth-based applications of technologies developed to reduce the risk o[

human neurobehavioral or physiological performance failure due to disruption ofcircadian

phase amplitude, period or entrainment.
The studies conducted here improve our understanding of the effects of light on the human

circadian system, and the role that the circadian system plays in neurobehavioral performance.

These findings are incorporated into our mathematical models on an ongoing basis. This allows

us to then determine the best light schedule and intensities to reduce the risk of performance

failure by appropriately aligning the circadian system with the work/rest schedule. This

technology is already currently in use in transportation, military and industrial settings here on

Earth.

Goal 9: Develop Earth-based application so technologies developed to reduce the risk _f human

neurobehavioral or physiological perfi)rmance failure due to acute a chronic degradation of

sleep quality or quantity.

Our projects will help determine the amount and timing of sleep that best allows people to work

extended and/or misaligned shifts with the least risk of performance failure. These findings will

also be incorporated into the mathematical model being developed here. The model can then be

used to help schedule rest/nap/sleep times so that they are the most effective in improving

performance levels.

Goal 10: Develop Earth-based applications to technologies developed to reduce the risk of

neurobehavioral or physiological performance Jailure due to extended duration work schedules

(e.g.. on-call schedules used in medical training, nuclear power plant shutdowns, military

operations) or night shift work.
Studies investigating the effects of extended duration work schedules in these projects allow us

to determine the best timing of countermeasures (light exposure, naps, melatonin, etc.) to

improve performance. These findings are completely applicable to any extended duration work

schedules used here on Earth.

Goal 11: Integrate research and analysis

Our goal is to integrate research within the Human Performance Faetors_ Sleep and

Chronobiology Team, with other teams, and with work being done by Team investigators not

directly supported by NSBRI.

14
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IV. RESEARCH PROGRAM ACCOMPLISHMENTS

The program accomplishments of each of the individual projects is summarized below:

Project 1: Optimizing Light Spectrum for Long Duration Space Flight

PI: George Brainard, Ph. D.

Thomas Jefferson University

Research Focus: Use of light spectrum and light visor design

Specific aims:

Test the hypotheses that:

1. Wavelengths of light below 440 nm and above 600 nm are active in regulating melatonin

secretion via measurement of fluence response curves in humans;

2. There will be a loss of sensitivity to monochromatic light when the eyes are not

pharmacologically dilated during the melatonin suppression test;
3. There will be a shift in spectral sensitivity of light regulation of melatonin secretion when the

eyes are not pharmacologically dilated.

4. Improve light treatment, identify optimal spectral transmission characteristics tbr visors and

windows, and engineer the ideal spectral distribution for illumination of living quarters.

Research Progress 11/1/2001-10/31/2002:

The long term goal of our research is to determine the best wavelengths of light for use as a

countermeasure during long duration space flight, as well as for adjusting circadian and sleep

disruption in civilians. A preliminary key finding is that the fluence-response relationship

between 420 nm exposure and melatonin suppression is univariant with wavelengths between

440 and 600 nm. This finding has practical importance to astronauts in long duration space

flight since 420 nm irradiance is greatly increased outside the earth's atmosphere (e.g. Space

Shuttle and International Space Station).

Another preliminary key finding is that there appears to be a loss of sensitivity to 460 nm light

for melatonin regulation when the pupils are free to respond to light stimuli. Further

investigation is needed to specifically quantify how much loss is due to pupil regulation. It will

be important to further characterize both wavelength and intensity responses in freely

constricting eyes in order to practically utilize action spectrum data in optimizing light as a

countermeasure to circadian disruption during long duration space flight. In most cases,
astronauts' eyes will be freely reactive during long duration space flight.

The above progress can be used to optimize the total lighting environment of astronauts on long

duration space exploration missions. These data can be used to 1) improve light treatment as a

countermeasure for circadian and sleep-wake disruption in space flight. 2) identify the best

spectral transmission for space suit visors and the windows used in space vehicles and habitats,
and 3) engineer the spectral distribution for illumination of general living quarters during space

exploration.
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According to the Critical Path Roadmap Baseline Document: A Risk Reduction Approach for

Human Spaceflight (December, 2000), our project status is currently at a Countermeasure

Readiness Level of 4. Once the concept formulation component of determining the

countermeasure for sleep disturbance and circadian disruption has been completed, a progression

to concept testing (Countermeasure Readiness Level 5) will ensue. The five year research

strategy (2002-2006) for this project will include the initial determination of feasibility and

efficacy of implementing study findings in the context of manned space flight missions. General

lighting systems for astronauts for manned space programs and space stations are often

comprised of light sources which provide wavelengths and intensities for optimal vision in space

vehicles (Man-Systems Integration Standards, NASA-STD 3000, 1995). For example, the

specification on Lighting Intensity Design (8.13.2.1 A) reads: "Light level or intensity should be

sufficient to allow the crew members to perform their visual tasks efficiently... [for most nominal

work and living space areas]." Although it is obviously useful to optimize visual stimulation of
astronauts with the best intensities and wavelengths for photopic vision, those lighting

characteristics are not necessarily optimal for reinforcing circadian entrainment.

Our progress to date on this project has resulted in three peer-review publications, one book

chapter and ten abstracts which reference NSBRI support. Understanding the relative potency of

different wavelengths for circadian stimulation is a critical step towards optimizing light as a

specific countermeasure and a general illuminant in all long duration space exploration facilities.
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Project 2: Circadian Entrainment, Sleep-Wake Regulation & Performance during

Spaceflit_ht

PI: Charles Czeisler, Ph.D, M D.

Brigham and Women's Hospital�Harvard Medical School

Research Focus: Synchronization to Mars' day with two brief light pulses

Specific aims:
Test the hypotheses that:
1. Synchronization of the human circadian pacemaker to a sleep-wake and light-dark

schedule with an imposed period -4% longer than its intrinsic period will be disturbed.
2. This disturbed circadian synchronization will disrupt sleep, endocrine function, and

impair waking alertness and performance.
3. Two relatively brief (45 minute) daily exposures to evening bright light (M 0,000 lux)
will establish a normal entrained circadian phase in subjects on such a schedule, resulting in

improved sleep consolidation, undiminished growth hormone and cortisol secretion and

enhanced daytime alertness and performance.

Research Progress 11/1/2001-10/31/2002:

During FY03 we completed five 65-day studies. This effort amounts to 325 subject test days in

the laboratory. Originally we proposed to complete 260 subject test days per year and are thus
ahead of schedule. Since FY01, we recruited 11 healthy volunteers (9 males, 2 females),

completed physical and psychological screens on all volunteers recruited, and completed ten 65-
day studies. Among, the first ten studies completed, 4 subjects were exposed to brief bright light

pulses as a countermeasure to circadian misalignment associated to living in a non-24-h day, and

6 subjects were exposed to dim light as controls. Data collected include: 15,600 hours of core

body temperature data, -16,000 blood samples (for melatonin and growth hormone levels
assessment), urine samples, -10,000 hours of sleep and waking EEG recordings, subjective sleep

quality by means of daily post-sleep questionnaires, -15,6000 hours of actigraphy, light

intensity, neurobehavioral performance and mood assessment. The successful collection of these
data will allow us to test hypotheses 1,2, and 3 of the project. Data analyses are currently in

progress.

The physiological data collected during the first three years of funding demonstrated the need to

develop effective and attainable countermeasures to prevent circadian misalignment during an

exploration class mission to Mars (Wright PNAS). Indeed, we have demonstrated that a

scheduled dim light-dark rest-activity cycle, with a dim ambient light intensity similar to that
used aboard the space shuttle middeck, is able to entrain most, but not all human subjects to a

scheduled 24-hr day, whereas none of the human subjects scheduled to a 24.6-h day (the period
of the axial rotation of Mars) were entrained to this weak synchronizer (see preliminary results).

Circadian phase misalignment to the 24.6-h day resulted in sleep disturbance (reduced sleep

efficiency), endocrine disturbance (secretion of the sleep-promoting hormone melatonin during

the waking day, reduced nocturnal growth hormone secretion and reduced cortisol levels), and
impaired daytime alertness and neurobehavioral perlbrmance I rcduced vigilance). The degree of

circadian misalignment to the 24.6-h day was found to be strongly dependent upon the period of
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each subject's circadian pacemaker, such that subjects with periods shorter than 24.0 hr

demonstrated the greatest degree of circadian misalignment to the 24.6-h day.

If the results from our current study show that circadian entrainment to a non-24-h sleep-

wake/dark-light cycle is achievable by means of intermittent bright light pulses, then we will

have successfully developed a countermeasure to prevent circadian misalignment during an

exploration class mission (to Mars for example). To further refine and improve the efficiency of
the countermeasure, additional research will be necessary to determine by what mechanism

circadian entrainment is being maintained and also to determine the stability of entrainment

under these dim light conditions.
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Project 3: Countermeasures to Neurobehaviorai Deficits From Partial Sleep Loss

PI: David F. Dinges, Ph.D.

University of Pennsylvania

Research Focus: The use of naps to ameliorate the affects of chronic sleep restriction

Specific aims:
1. Establish Response Surface Map to determine how to best use anchor and nap sleeps to

promote neurobehavioral performance and alertness at an adverse circadian phase for waking;

2. Identify the optimal diurnal anchor sleep and nocturnal nap schedule to maintain
neurobehavioral function when work is initiated with abrupt circadian displacement;

3. Determine how diurnal anchor sleep times and nocturnal nap sleep affect sleep

physiology and circadian adjustment across a chronic schedule of simulated night operations.

Research Progress 11/1/2001-10/31/2002:

This project specifically addresses the following questions in the Human Performance Factors,

Sleep and Chronobiology research area:
1. How do task characteristics; operator environments: human-machine interactions; daily,

weekly and long-term work-rest schedules; and recovery sleep/naps alter the effects of sleep loss

and/or circadian disruption on human performance? (NASA/NSBRI Critical Path question 6.10.)

2. How does space flight or exposure to chronic sleep restriction and/or circadian disruption

affect sleep- and circadian-mediated neuroendocrine and autonomic functions, particularly those
relevant to risk mitigation (e.g., growth factors, glucocorticoids, monoamines) during extended-
duration missions?

3. Which behavioral, physiological, pharmacological and/or environmental countermeasures will

help crew members reduce disturbances of circadian rhythmicity: sleep disturbances, or
homeostatic sleep drive, thereby reducing the associated performance deficits? (NASA/NSBRI

Critical Path question 6.06.)
4. What are the long-term consequences of the use of countermeasures designed to mitigate

pertbrmance decrements associated with sleep loss and/or circadian disturbances?

(NASA/NSBRI Critical Path question 6.07.)

To date we have completed the study of N--37 subjects in this protocol. Analysis of the

polysomnographic, neurobehavioral and neuroendocrine data is underway on the data collected

from the completed subjects, so that we may integrate this data into our existing response surface

models. In experiment 1 we have been using a response surface experimental approach to

systematically determine the chronic (10-day) effects of 18 sleep schedule conditions that
involve restricted nocturnal anchor sleep alone and in combination with varying durations of

restricted diurnal naps on performance, mood, sleep, circadian physiology and hormones. The

resulting preliminary response surface maps (RSMs) derived from this dose-response experiment

indicate that total sleep time per 24hr is a prime determinant of cumulative neurobehavioral

deficits, and that combining a restricted nocturnal anchor sleep with a midday nap can attenuate

cumulative deterioration in performance. In order to complete our understanding of how to

optimize performance in the face of restricted sleep in space flighl, in the current experiment we
have reversed the circadian placement of these 18 anchor sleep + nap sleep conditions (i.e.,

diurnal anchor sleep alone and in combination with varying durations of restricted nocturnal

naps), in order to (1) establish the RSMs during simulated night operations; and (2) by
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comparison with the RSMs for the study currently being completed, to determine the role of

initial circadian phase of sleep on the cumulative rate of impairment from chronic sleep

restriction.

Project 4: Primate Circadian Rhythms in the Martian Environment

PI: Charles A. Fuller, Ph.D.

University of California, Davis

Research Focus: Bright light pulses, Period vs. Gravitation

Specific aims:

Test the hypotheses that:
1. Rhesus macaques will not entrain to the Martian solar day when exposed to ambient light

available on Mars, resulting in performance decrements and sleep and circadian dysfunction;
2. Some, but not all rhesus macaques will be able to entrain to a Martian solar day under a

lighting environment proposed for the Martian Habitat;
3. The rhesus circadian period will change as a direct function of G level in hypergravity;

4. Daily evening pulses of bright light will synchronize all rhesus monkeys to the proposed

Habitat environment

Research Progress 11/1/2001-10/31/2002:

1. Effect of Gravity on the Circadian Period of Rhesus Monkeys

During this period we performed the necessary' setup and experiment preparations. These
activities included training six male rhesus to use the Psychomotor Test System (PTS). followed

by surgical implantation of telemetry transmitters. "[he use of telemetry' allows us to record brain
temperature, activity and sleep parameters from unrestrained subjects. We have partially

completed this series of studies. Six males were studied in 1G in a non-entraining 28-h LD

cycle. This is an adaptation of the forced desynchrony method previously used with humans and
rodents to determine the period of the circadian pacemaker. In I G, the intrinsic period of the

rhesus circadian clock was on average 24.5 hours (range 24-25.3 h), or a little longer than the

period seen in human studies or by us in preliminary rhesus studies.

We have acclimated these animals to 1.5G and have nearly completed a second forced

desynchrony study at this G level. Although our conclusions are preliminary, it appears that

circadian period in rhesus may be slightly shorter in 1.5G. We will need to complete 2G studies

to address our hypotheses fully.

2. Acclimation to Martian Day Length and Altered Lighting Environments

Six female rhesus monkeys have been trained in the use of PTS and the first telemetry surgery

has been completed. We are setting up a second facility to alloys us to perform the lighting

studies in parallel with the centrifuge studies. Females serving as subjects in the lighting studies
will be examined later in the centrifuge facility.

Significance of Findings
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The responses of the rhesus monkey's circadian clock to light are very similar to those of

humans. We also see similarities in the range and variation of circadian periods, which are

shorter than those of New World primates and much closer to those of humans. Rhesus monkeys

are also suitable subjects for long-term centrifugation studies and offer distinct advantages over

humans. We anticipate that the changes in circadian period seen in altered gravity in rhesus

monkeys will add a new predictive element to models of circadian responses to space flight and

low-gravity environments.
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Project 5: Mathematical Model for Scheduled Light Exposure: Circadian/Performance

Countermeasure

PI: Megan E. Jewett, Ph.D.

Brigham and Women's Hospital�Harvard Medical School

Research Focus: Use of light and performance mathematical models in schedule design

Specific aims:
1. Further develop and refine the dynamic stimulus processing model by using data from

existing four studies;
2. Perform validation analyses on the revised models;

3. Incorporate these refinements into models of neurobehavioral performance;
4. Develop a user-friendly predictive performance software program that can be used in-

flight as a self-directed countermeasure.

Research Progress 11/1/2001-10/31/2002:

Specific aims proposed in this project are : Aim 1: To further develop and refine our Light

Model using data from four studies of the effects on the human circadian system of different

stimulus cycles of brief or extended and bright- or moderate-intensity light pulses. Aim 2: To

validate the Light Model refined above in Aim 1 using data from four different studies of the
effects on the human circadian system of single-cycle patterns of brief or extended bright light

pulses and of sleep-wake/light-dark schedules with a wide range of periods. Aim 3: To

incorporate the Light Model into our Neurobehavioral Performance Model and validate this
model using data from the above 8 studies. Aim 4: To develop a user-friendly Circadian
Performance Simulation Software (CPSS) for field applications.

We have been focusing on refinement of model as well as development of User friendly software

during the last 12 months. To refine our pacemaker model as specified in Aim 1 we performed
statistical time series analysis of one of the markers of circadian clock. Core Body Temperature

(CBT) collected under Constant Routine conditions, as mathematical model consisting of a

circadian signal and thermoregulatory noise. Signal in the model is represented as the solution of

Light model and noise as Autoregressive process. We also used six different "'Two Harmonic'"

models (TH) directly to fit CBT data with and without noise component with dependent and

independent growth factors for each harmonic. Our model successfully extracted the low

amplitude circadian signal from the noisy CBT data and allowed us to study the amplitude

recovery dynamics observed in CBT data. Further this model could represent both the statistical

and dynamical characteristics observed in CBT data. When we analyzed the TH models without

AR processes we found the best fit to the data when the two harmonics had independent

exponential factors, suggesting that that there is a dominant second harmonic component in the
CBT data that must be taken into account in these models. These findings will be used to refine

the current light model.

We have just released a greatly enhanced version of our Circadian Performance Simulation
Software (CPSS !.2). In CPSS 1.2 we redefined the phase relationship between the Light
Model's state variables and the CBT so that the predictions are more stable over a wider range of

operating conditions. We have incorporated manv new graphical user interface enhancements
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within the software, including displaying a graphical representation of the protocol prior to

simulating and allowing the user to manipulate simulation output graphs. This makes CPSS 1.2

an even more user-friendly simulation software package for the prediction of circadian phase and

neurobehavioral performance.
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Project 6: A Model of Circadian Disruption in the Space Environment

PI: Michael Menaker, Ph.D.

University of Virginia

Research Focus: The effect of meals, melatonin, exercise, and dark pulses dysphasia

Specific aims:
1. Evaluate the effects of constant conditions and of shift work schedules on both the

maintenance of circadian rhythmicity in central and peripheral structures, and on temporal

synchrony among them in a transgenic rat model system;
2. Ameliorate or prevent dysphasia by manipulating meal timing, melatonin administration,

forced exercise and short pulses of darkness.

Research Progress 11/1/2001-10/31/2002:

Food-anticipatory activity (FAA) is the increase in locomotion and core body temperature that

precedes a daily scheduled meal. It is driven by a circadian oscillator but is independent of the

suprachiasmatic nuclei. Recent results that reveal meal-entrained clock gene expression in rat

and mouse peripheral organs raise the intriguing possibility that the digestive system is the site of

the feeding-entrained oscillator (FEO) that underlies FAA. We tested this possibility by

comparing FAA and Perl rhythmicity in the digestive system of Perl-luciferase transgenic rat.
First, rats were entrained to daytime restricted feeding (RF. 10 days), then fed ad libitum (AL, 10

days), then food deprived (FD, 2 days). As expected, FAA was evident during RF and

disappeared during subsequent ad lib feeding, but returned at thc correct phase during

deprivation. The phase of Perl in liver, stomach and colon shifted from a nocturnal to a diurnal

peak during RF, but shifted back to nocturnal phase during thc subsequent ad libitum and

remained nocturnal during tbod deprivation periods.

Second, rats were entrained to two daily meals at zeitgebcr time (ZT) 0400 and ZT 1600. FAA to

both meals emerged after about 10 days of dual RF. tlovvevcr, all tissues studied (all 5 liver

lobes, esophagus, antral stomach, body of stomach, colon) sho_vcd entrainment consistent with
only the nighttime meal.

These two results are inconsistent with the hypothesis that FAA arises as an output of rhythms in

the Gl system. The results also highlight an interesting diversity, among peripheral oscillators in

their ability to entrain to meals and the direction of the phase shift after RF ends.

In the course of doing these experiments we looked for effects on rhythms in isolated femoral

arteries and found that these rhythms were completely unaffected by food restriction, in contrast

to rhythms in "digestive" organs. We have now looked at a number of arteries and veins--all are

rhythms with characteristic phases. We think the contrast between the digestive and the

circulatory system in response to food is likely' to be important and arc now putting a large effort

into understanding circulatory system responses to light and food.

These results have important implications for understanding thc interaction of the mammalian

circadian pacemaker with oscillators in peripheral tissucs. It could ultimately' lead to the

development of countermeasures involving the timing o[" meals to facilitate circadian adaptation

to both phase shifts and entrainment to non-24-hour day lengths.

24



Human Performance Factors. Sleep and Chronobiolo&n, Team Annual Program Report November 2002

Project 7: Circadian and Vestibular System Relationships

PI: Lawrence P. Morin, Ph. D.

State University of New York, Stony Brook

Research Focus: Three dimensional motions to stimulate the vestibular and circadian system

Specific aims:
1. Identify efferent and afferent anatomical connections between the vestibular nuclei and

the intergeniculate leaflet;
2. Test the hypothesis that patterned moving light (an optokinetic stimulus) will functionally

activate the vestibular and circadian systems;

3. Test the hypothesis that a non-locomotor, non-photic three-dimensional motion stimulus will

functionally activate the vestibular and circadian systems, as measured by FOS induction in the

IGL and circadian phase shifts.

Research Progress 11/1/2001-10/31/2002:

Interactions between the circadian and vestibular systems: We have hypothesized that angular

and linear acceleration data is transmitted from medial vestibular nuclei afferents to the IGL and

the SCN, and are capable of acting as non-photic modulators for circadian behaviors. If true, this

hypothesis would imply the existence of a vestibular-circadian psychophysical function which

could help develop techniques for amelioration of chronobiological upsets such as jet lag or

insomnia via specific vestibular stimulation. To examine these hypotheses, we are carrying out

neural tract tracing studies looking for afferent and efferent interconnectivity between vestibular

and circadian control nuclei, as well as examining FOS expression in these nuclei after different

types and degrees of vestibular stimulation in a nocturnal rodent with a well-studied circadian

system, the Syrian hamster (Mesocritus aureus).

Choleratoxin/PHAL tracing of vestibular projections: We have examined anatomical patterns of

afferent and efferent connectivity between vestibular and circadian systems using anterograde

choleratoxin (CTX) and retrograde phaseolus vulgaris leucoagglutinin (PHAL) neural tract

tracers. To date, 57 Syrian hamsters have had these tracers iontophoresed into the medial

vestibular nucleus (MVe). Immunohistochemistry and image analysis have demonstrated the

clear presence of monosynaptic afferent pathways from the MVe to the IGL. confirming earlier

work with retrograde tracer injection into the IGL.

Green-fluorescent protein conjugated pseudorabies virus tract tracing (GFP-PRV):

GFP-PRV is a fluorescently-tagged modified herpes virus which infects neighboring neurons in a

strictly retrograde fashion from the point of injection. Using tbcal injection of GRP-PRV in the
SCN, we are able to examine visualize the entire SCN input pathway in a retrograde manner. Of

22 hamsters injected to date, 4 had clear focal injections strictly limited to the SCN: about 10

others were in surrounding nuclei and provide excellent controls. Pressure injections in the SCN.

shows robust label of infected cells in the ipsilateral IGL, and to a lesser extent the contralateral

IGL. Labeled cells were also observed in the oculomotor complex, the MVe, and cells of the

solitary nucleus ipsilateral to the primary IGI. label. This technique confirms the

interconnectivity of the vestibular and circadian systems. As injection precision improves, we
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will be able to examine the issue of whether this connectivity is restricted to specific domains

within the target structures.

FOS expression following vestibular stimulation: The FOS protein is a well studied marker for
neuronal activation and has been used in numerous circadian and vestibular studies. To date, 52

hamsters have been subjected to linear (anterior-posterior or lateral shaking) or angular (rotation

through the inter-aural axis) vestibular stimulation under dark conditions. Differential FOS

expression was noted among the vestibular nuclei based on stimulus condition. Animals

subjected to linear acceleration at rates >1.0 Hz (>1 G at endpoints of movement) showed FOS

expression in the SCN and IGL bilaterally. Animals subjected to angular acceleration at rates
>60°/sec showed lateralization of FOS expression in the MVe and IGL, and approximately

symmetrical distribution of FOS label in the SCN. Number of cells in the target nuclei

displaying FOS expression under both conditions was positively correlated with magnitude of

angular acceleration, although we have not yet determined the saturation plateau. Control
(restrained) animals and animals subjected to low levels of angular or linear stimulation showed

little or no FOS expression. These findings raise the questions of whether there is a "threshold"

function for modulating circadian behavior based on vestibular-GHT input to the SCN, and

whether there are modality-specific processing regions within the IGL.

26



Human PerJ_rmance Factors, Sleep and Chronobiologg, Team Annual Program Report November 2002

Project 8: Long-Term Exposure to Dim Light Desynchronizes the Circadian System of
Rats

PI: Gianluca Tosini, Ph.D.

Morehouse School qf Medicine

Research Focus: Use of melatonin to synchronize rhythms

Specific aims:
1. Determine the effect of long-term exposure to constant conditions on circadian rhythms.

Research Progress 11/1/2001-10/31/2002:

The current levels of monetary support of our project is very limited (we have been awarded a

grant for 50,000 $ total equal to 36,000 $ direct) and therefore our research activity and progress
are limited (5% of my time and 20% of Dr. Fukuhara's time). In addition, the reduction of our

budget (26%) has further reduced our efforts. The main aim of our research is to investigate how

long term exposure to constant conditions (dim light at the intensity of 0.5-1 lux) affects the

circadian organization of the rat.

We have held animals (36 wistar rats for each of the three experimental groups) in a room with

constant dim illumination (< 1 lux) and monitored the locomotor activity for each animal by a

computerized system. Then after 0, 5 and 60 days, we have sacrificed the experimental subjects

by decapitation at six different times of the day (CT 4, 8, 12, 16, 20 and 24). Tissues (SCN.

pineal, retinas, lung, liver, and skeletal muscle) were collected from each animal, immediately
frozen and then stored at - 80 oC. mRNA levels, in the SCN were determined by quantitative in

situ hybridization, while mRNA level in the other tissues, were determined by real time
quantitative PCR. The expression of the gent Period l was used as a marker of the phase of the

circadian clock, while the expression of the arylalkylamine N-acetyhransferase (AA-NAT) gene

was used as a marker of the phase of melatonin synthesis.

All the animals tested showed a clear circadian rhythm in locomotor activity for the whole

duration of the experiment. In the SCN Period l mRNA expression was rhythmic in 12L:12D,

after 5 or 60 days in red dim light. Also in the retina Periodl and AA-NAT mRNA levels were

rhythmic in 12L:12D and after 5 days. However, after 60 days in red dim light the rhythmicity

was less clear. In the pineal gland Periodl and AA-NAT mRNA levels were rhythmic in

12L:I2D and after 5 days in constant red dim light. After 60 days in constant dim light, in some

animals, the expression of these genes was altered and out of phase).

Unfortunately, on May 21st the Neuroscience Institute at Morehouse School of Medicine was

destroyed by a fire. As consequence of such an event some samples have been destroyed (all the

lung, liver and skeletal muscle samples), and thus we will need to repeat the sampling in the next

year. In conclusion, the experiments that we have pcrtbrmed during the last year have expanded

and confirmed our preliminary results demonstrating once again that internal de-synchronization

may occur in some animals (20-30%) when exposed to constant dim light. In addition, our data

support the idea that locomotor activity is not a complete indicator of the circadian status and,
theretbre, indicate that internal desvnchronization may occur also in individual that show a

normal pattern of activity.
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Project 9: Animal Model for Sleep Loss and Circadian Disruption

PI: Fred W. Turek, Ph.D.

Northwestern University

Research Focus: The effect of melatonin on circadian phase

Specific Aims:
1. Determine the effects of 12 hours of imposed wakefulness during the normal active and

inactive periods on circadian rhythms, the sleep-wake cycle and neurobehaviorai and motor

performance measures in the mouse;
2. Treatment with either a physiological or pharmacological dose of melatonin at the

beginning of the imposed period of wakefulness will alter the effects of this temporal
desynchrony on the circadian clock, the sleep-wake cycle and/or neurobehavioral and motor

performance measures;
3. Access to a wheel (exercise) when in the home cage, will alter the effects of the imposed

periods of wakefulness on the circadian clock, the sleep-wake cycle and neurobehavioral and

motor performance measurements.

Research Progress 11/1/2001-10/31/2002:

Our project addresses risk based goals one and two of the Human Performance Factors, Sleep
and Chronobiology Team. Our progress in the past 12 months has placed us in an excellent

position to move forward with examining the impact of both chronic partial sleep loss and
circadian disruption on performance using our animal model. Data collection and analysis for

specific aim one is underway.

During the past year we have set up and expanded the facilities and equipment for data
collection. The current system will allow us to simultaneously measure sleep-wake and circadian

variables in mice during a protocol that will result in circadian disruption and chronic partial

sleep deprivation. Two animal rooms have been dedicated to this project, one with the capacity
to record sleep in 16 animals and activity and core body temperature in a total of 28. In addition,

an adjacent room has been equipped fbr neurobehavioural and motor performance testing.

In addition to ongoing data collection and analysis for specific aim one we have conducted a

series of pilot studies to test the system. The first pilot stud)' was to determine how much sleep
the animals are able to achieve while in the slowly rotating wheel. These studies indicate that at 1

revolution per minute an animal is able to enter NREM sleep about 8-10% of the time but that

they have no REM sleep. The second pilot study was to determine the pattern of sleep recovery

during chronic partial sleep loss animals were subjected to 8 days of chronic partial sleep

restriction. Specifically animals had a 20-hour period/day of imposed wakefulness, and the

opportunity to sleep for only 4-hours per day during the light phase. Sleep was recorded for

eight consecutive days during the 4-hour recovery period. The pattern of sleep during recover)'

changed across consecutive days of sleep restriction in particular the %NREM sleep while

initially high after one day of restriction steadily declined over the next two days to be similar to
baseline levels of%NREM sleep. While in comparison %REM sleep stayed elevated across

consecutive days of sleep restriction. This pilot study indicated that animals change their strategy

for sleep recovery depending on how many days they have been sleep deprived. This pilot data
will help us determine which davs to focus on tbr scoring and analyzing sleep records. The third
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pilot study was to determine strain difference in rotarod performance. In the current project we

proposed to use two different inbred strains of mice, the C57BL6/J (C57) and B6C3F1/J (C3H).
It has been hypothesized that the accelerating rotarod should not require any preliminary training

to obtain satisfactory measures of performance. However, our data suggest that there are
differences between our two strains of mice in both neuromuscular function and motor learning.

In a small pilot study, C3H mice showed greater improvement over four consecutive days of

testing and were able to stay on the rod longer than C57 mice. This difference in rotarod

performance will prove to be an important consideration in future studies.

In summary, during the past year we have shown that animals can be successfully sleep deprived

using a slowly rotating wheel and that animals will alter their strategy for recovery sleep during

consecutive days of chronic partial sleep depriv.ation. Finally, we have shown that there are strain
differences at baseline in both neuromuscular function and motor learning in the mice stains we

will be using.
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V. FUTURE PROGRAM DIRECTIONS

The Human Performance Factors, Sleep and Chronobiology Team has nine ground-based

projects currently funded until 2003. In addition to the progress toward countermeasure

development anticipated from the currently funded research projects, it is anticipated that the

following four research questions which are not being addressed by the current research program
will be addressed in the coming years:

Physical effects. Research is needed to determine how space flight or exposure to chronic sleep

restriction and/or circadian disruption affect sleep- and/or circadian-mediated neuroendocrine,

metabolic, neurologic or autonomic functions, particularly those relevant to risk mitigation (e.g.,

growth factors, nutrition, glucocorticoids, monoamines) during extended duration missions.

Monitoring the status of sleep, sleep homeostasis, circadian rhythmicity and/or neurobehavioral

performance during space flight. Research is needed to to validate methodologies that are

portable and non-intrusive in the space flight environment to assess sleep and/or circadian

rhythms.

Novel countermeasure development. Research is needed to determine how recent advances in

the neurobiology of sleep and/or circadian rhythms (orexin/hypocretin system, circadian

photoreception, output pathways that regulate sleep or circadian rhythms) can be used to develop

countermeasures to adapt to and thereby maintain optimal neurobehavioral performance during

exploration class space missions.

Age, gender and inter-individual differences. Research is needed to determine how age, gender
and individual biological and behavioral characteristics alter sleep- and/or circadian-mediated

physiologic responses to, and risk mitigation tbr. prolonged space flight.
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I. ABSTRACT

In Fiscal Year 2 (2001-2002) of the current 3-year NSBRI grant cycle, the 6 projects of the

Immunology, Infection, and Hematology (IIH) Team have come together in a powerful
reinforcing manner to forge a unified program with significant discoveries and clear vision of
where the team needs to go in the future. We have addressed each one of our goals and are

anxious to move on with implementation of the countermeasures designed to achieve them. In

essence, our team's goals are to: 1) reduce the risk of space flight conditions on bone marrow

stem cells, and myeloid and lymphoid differentiated cells, 2) reduce the risk of astronauts

developing new and reactivated viral infections, early cell death, and malignancy, and 3) reduce

the risk of superstrains of microorganisms in space.

A year ago, we determined that the major gap in our team research program was the absence of

experiments with the space flight conditions of radiation and microgravity. We have moved

aggressively to fill that gap with experimental data that have been published in the peer-reviewed

literature and accepted in competitive national meeting presentation formats. For example, we

have published information describing enhanced morbidity and mortality of bacteria in small

animals subjected to hindlimb-unloading model of microgravity. In preliminary work, we
believe that this enhanced pathogenicity of bacterial challenge may be due to an effective loss of

specific antibodies. In radiation-exposed animals, the amount of radiation (protons or y- rays)
absorbed by an astronaut going to Mars (3 Gy) acutely depresses both immune cells (myeloid

and lymphoid cell types) and immune responses and alters the cytotoxic cytokine profile to
render animals at risk of opportunistic infection. The mechanism for this loss of infection-

fighting ceils is likely due to apoptosis (early cell death). We have begun to examine the DNA

and gene microorganism patterns taken from animals subjected to these conditions of

microgravity and radiation to determine if their resistance has been enhanced-----creation of super

bugs.

Our next experiments will include evaluation of a direct countermeasures component of adding

specific anti-microbe IgG antibodies to mice suspended in microgravity conditions and in

animals exposed to space radiation to determine if this added component of immunity can
counteract the loss of specific antibody function experienced by irradiated mice. Our plans for
Fiscal Year '03 include the extension of the radiation to heavy metal ion (56Fe) with the

collaboration of Dr. Marcelio Vazquez at Brookhaven National Laboratories. Also, we plan to

evaluate a general countermeasure of nutritional supplements in animals subjected to conditions

of microgravity and radiation on the premise that nutritional status deteriorates under the
stressors of these conditions and that additional high-quality nutrients will boost immune

responses. All of the team project leaders are being urged to submit competitive renewal

applications for NSBRI funding early next spring to keep the momentum of the team

accelerating and on its present course.

We expect that our experiments will both more clearly define more clearly the risks of immune

compromise, infection, and cancer and result in very effective countermeasures to these serious
risks. We want to enlarge the team membership with scientists in radiation immunology,

microbiology, virology, and nutrition. We plan to extend our present collaboration with the
NSBRI radiation, bone metabolism, and human performance teams.
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II. INTRODUCTION (modified from Strategic Plan, May 2, 2002)

Background

Conditions of space flight pose a potential threat to an astronaut's immune system. These
conditions include isolation, containment, weightlessness, increased radiation exposure, and
enhanced microbial contamination. In all human and animal subjects flown in space, evidence of

immune compromise, reactivation of latent virus infection, and development of a pre-malignant

or malignant condition exists. Moreover, in all ground-based space flight model investigations,

evidence of immune compromise and reactivation of latent virus infection is also observed.

Studies are in progress to determine whether malignancy, too, will be observed in these

experimental animals. All of these symptoms are similar to those found in a wealth of human

pathological conditions where the human immune system is compromised, such as with stress,

immunosuppressive drugs, infection, and radiation, and where reactivated, chronic virus

infections and cancer appear as a natural consequence. Two examples where these clinical

conditions are readily observed are Epstein-Ban" virus (EBV)-driven lymphomas in transplanted

patients and Kaposi sarcoma in acquired immunodeficiency syndrome (AIDS) patients. Given
these known risks to the immune system, it is highly appropriate, indeed imperative, that NSBRI

researchers carefully investigate the effects of space flight conditions on human immunity,
infection rate, and cancer rate.

Risk......_s

We have chosen to define the risks of spaceflight in terms of the IIH Team's research plans:

Risk 1:

Risk 2:

Risk 3:

Risk 4:

Risk 5:

Radiation Damage to Stem Cell and Immune System

Microgravity and Stress Effects on Immune System and Resistance to Infection
Reactivated Latent Infections

Malignancy
Altered Microbes

In all of the risks proposed for the Immunology, Infection, and Hematology Team, the principal
focus must be the underlying stem cell damage that produces the immunological deficits that

create the observed risks (e.g., infections on space flights occur because of underlying immune

damage).

Goal 1: Reduce risk of spaceflight conditions (isolation, containment, stress, microgravity, and

radiation) damaging the human bone marrow stem cell and differentiated immune
cells.

Goal 1 covers Risks 1 and 2.

Goal 2: Reduce risk of astronauts developing new and reactivated infections, premature
immune cell death, and malignancy.

Goal 2 covers Risks 3 and 4.
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Goal 3:

William T. Shearer, M.D., Ph.D.
Team Leader

Reduce risk of spaceflight-induced development of superstrains of microbial

organisms.

Goal 3 covers Risk 5.

III. RESEARCH PROGRAM STRUCTURE AND DESIGN

(modified from Strategic Plan, May 2, 2002)

Historical Basis

The IIH Team seeks to reduce the risks defined above. The first step in this direction is to firmly

establish the molecular and cellular consequences of exposure of the human stem cell and

differentiated immune cells (peripheral blood, tissue, mucosa) to the conditions of space flight.

Knowing the precise damage to the human immune system will greatly facilitate the

development of a countermeasures program. A recent example of the team's progress will
illustrate this concept. For 25 years, it has been known that humans in space and in the space-

equivalent model of the Antarctic winter display weak, delayed-type hypersensitivity skin
reactions to recall antigens. This skin test is a very crude method of assessing immune system
deficiencies. Our team has greatly advanced knowledge of the precise molecular events taking

place in the human immune system in response to space flight equivalent conditions by
determining recently that TH2 CD4 + T-cells reduce the output of the proinflammatory cytokine

interleukin-10 (IL-10) in humans in the Antarctic winter. We plan also to define the early

cellular changes in reactivated viral infections and the role of the stress (hypothalamic-pituitary-

adrenal axis) system in creating secondary immunodeficiency, enhanced infection rates, and

development of malignancy. In addition, we will strive to understand the potential for the
emergence of superstrains of bacteria, viruses, and fungi in irradiated hosts. With this new

information, we will be able to much better plan for an effective countermeasures program

involving shielding (structural, chemical) for radiation, stress-reduction programs, nutritional,

pharmacologic and immunologic prevention and treatment programs (for example, gene or cell
inhibitors, immunizations and antibody, cytokine, or stem cell therapy), and a microbiocidal

program for prevention of opportunistic infection.

Following the award of the present three-year cycle of grant support that began in September
2000, the Immunology, Infection, and Hematology Team was reconstituted with six projects that

possessed a cohesive critical mass of investigators and projects (see Table 1). The principal
focus of five of the projects is the harm to the human immune system that might result from

immunosuppressive factors in long-term space flight. These factors include deep space

radiation, microgravity, physical and psychological stress, isolation and containment, microbial
contamination, altered microbial virulence, and sleep deprivation. All of these factors have

produced alterations in immune responses of humans and animals flown in space or their

counterparts using earth-bound space-equivalent models. There is collaboration of investigators

within a project and between projects. The leadership of the team (Drs. William T. Shearer,
Janet S. Butel, and Gerald Sonnenfeld), for example, participate in certain aspects of many of the

projects (see Table 2). Projects 1-5 deal with uncovering the pathogenic mechanisms of risk

factors, whereas Project 6 concerns the detection system for pathologic microbes, currently
bacteria, but in the future viruses and fungi, that would cause immunosuppression.
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Selection of Team Pro, iects

In terms of an overall team selection of priorities for a cohesive research program for the risk-

based goals, we have decided to focus on two types of immunosuppresive factors--radiation and

microgravity, using: 1) radiation viral, and immune studies and 2) anti-orthostatic (microgravity)
model and microbial monitoring studies, respectively. All of the six projects will support these
two team studies.

Team Proiect 1: Radiation_ Viral_ and Immune Studies

In the first of these team projects, the co-investigators will include Drs. Shearer, Butel, Ling,

Conner, Reuben, and Rosenblatt, members of the NSBRI Immunology, Infection and

Hematology Team from Baylor and Dr. Daila Gridley from Loma Linda University (LLU).
Selected strains of mice (e.g., BALB/c, C57 black) will be exposed to proton and gamma ray

radiation and subsequently to murine viruses (e.g., gamma 68, polyomavirus), in an attempt to

determine the combined effects of space radiation and latent virus infection on the immune

function of study animals. This first approach will examine the simultaneous effects of radiation
and infection and will then be followed by a sequential approach of infection first and radiation

second, the likely scenario for human space travelers to Mars. The dose of radiation that will be

utilized initially (3Gy, the estimate of radiation received by astronauts on a Mars Mission) will
be that used by Dr. Gridley and her colleagues who have demonstrated rapid and profound

alterations in immune cells and immune responses in murine subjects. Replicate and controlled

experiments will be performed by both the LLU site and the Bayior site to insure that the same
methods are followed at both sites and that the results of the experiments at Baylor confirm those

of LLU. If gamma radiation proves to be equivalent to proton radiation in terms of effects upon
the immune system (e.g., spleen cell T-cell response to non-specific stimuli and specific antigen

stimulation; plasma antibody formation to neoantigen; spleen lymphocyte subset distribution), it

may be possible to avoid transfer of mice between institutions, as Baylor has a source of gamma
radiation.

In addition to examination of the effects of radiation and latent virus infection on immune cells

and immune responses, study animals will be evaluated for the development of tumors and blood

malignancies. This will be carried out with the assistance of Dr. Cory Brayton, a veterinary

pathologist at Baylor, who has agreed to collaborate on this project.

Also, Dr. Alan Gewirtz at the University of Pennsylvania has begun collaborative NSBRI studies

with Dr. Elizabeth Sutherland at the Brookhaven National Laboratory (BNL) with bone marrow-
derived human stem cell lines. These cell lines were exposed to heavy metal ion (Fe 56) radiation

and subsequently tested by standard hematologic assays for ability to form colonies of cells in

the myeloid series: granulocytes, erythroid cells, and platelets. In the future, similar experiments

will be performed at LLU, where the effects of proton and gamma radiation will be evaluated in

these same assays. Because the preparation of human stem cells from donor bone marrow also

yields precursor cells in the lymphoid system, it will be possible to simultaneously evaluate the
effects of the various types of radiation on the development of T- and B-cells. Similarly,

macrophages, monocytes, and stromal cells could be evaluated. The methods of analysis of

these various types of immune cells could include measurement of cell growth factors (e.g., IL-3,

IL-6, 11,-7, TGF-[3), apoptosis gene regulation (e.g., gene array assay), and cell repair pathways.
These studies would include the collaboration of Drs. Gewirtz, Reuben, Rosenblatt, and Gridley.
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Also, peripheral blood human stem cells will be harvested by pheresis in subjects given

granulocyte-monocyte colony-stimulating factor (GMCSF) to increase the number of circulating
stem cells at the M.D. Anderson Cancer Center. Dr. James Reuben will utilize these cell

harvests in similar radiation studies and evaluate dendritic cell (#I and #2 types) function in the

presentation of antigens to lymphocytes.

In both bone marrow and peripheral blood stem cell preparations, evidence of genetic damage

will be investigated by examination of progenitor cells for chromosomal breaks. These

measurements will yield important information on the possibility that radiation of human stem

cells might result in leukemogenesis and tumorigenesis.

Future collaborative studies have been proposed for the Radiation Team, in which the use of

surrogate markers could be used to assess the risks of tumor development in irradiated animals.

Surrogate markers would greatly reduce the time needed to evaluate tumorigenesis and to
observe exposed animals for cancer development. For the current Fe 56irradiated rat breast tumor

model, one such surrogate marker might be the appearance of epithelial cells in the peripheral

blood that herald the development of breast cancer. In addition to the detection of epithelial

cells, it might be possible to examine the gene imprints of these cells by gene array assays. Such

studies might yield a characteristic dysregulation of normal gene activation that would be

predictive of breast cancer in this animal model.

This first team project addresses Goals 1 and 2 (space flight conditions damaging immune cells

and development of new or reactivated infections, premature immune cell death and malignancy,

respectively), but with the assistance of Project 6 we will also be addressing Goal 3, the detection
of genetically altered (possibly supervirulent) strains of environment or host microorganisms

with the use of DNA probes (see Section 4.5 and Table 1). Originally designed to develop

genetic probes of spacecraft bacterial contaminants, Project 6 will adapt the genetic probes to
detect contaminating viruses and to detect the emergence of both bacteria and viruses made more

virulent by exposure to spaceflight conditions, principally radiation.

Team Project 2: Anti-Orthostatic (Microgravity) Model and Microbial Monitoring Studies

The second of the team projects will involve the anti-orthostatic (AOS) (hind-limb suspension)
model and addresses Goals 1 and 2. The subgroup on hind-limb suspension felt that it was

important that standardized procedures be used by the group to allow for comparison of results
across projects. The exact caging and suspension techniques do not have to be identical, but the

parameters used for setting up the suspension should be uniform. In the future, all suspension

will be set up with uniform parameters. Suspension will be carried out with a 15 to 20 degree
head-down tilt. The tilt will be measured at the body axis of the animal. Controls for all

experiments will consist of at least vivarium controls in standard housing and restraint controls
with animals in suspension hardware but with all four paws on the ground and bearing weight.

Additional controls may be added at the investigator's discretion. Vivarium controls will be in

individual cages, not housed with multiple animals per cage. All hind-limb suspension

experiments will commence in the morning between 9 and 11 AM. Dr. Sonnenfeld has already
had remarkable success with these procedures in demonstrating an at least two-fold increase in

death in AOS mice challenged with Klebsiella pneumoniae.
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We plan to examine changes in differential gene expression in the immune system using

commercially available low-density nylon-based gene array technology. Each blot contains 23

specific and two housekeeping genes. Arrays are available that can detect specific sets of genes

that are grouped based on their association with known signal transduction pathways. Once

changes in particular pathways are identified, pathway-specific gene arrays are available to
elucidate changes in expression of pathway-specific genes. In addition, arrays are available to

detect changes in gene expression of mouse cytokines, interleukin receptors, chemokines,

chemokine receptors, inflammatory cytokines, T-cell activation markers, and B-cell activation

markers. The approach is to catalog global changes in the immune system (cell distributions,

cytokine production, gene expression) utilizing the AOS mouse model, and then to determine

any additive effects of concomitant virus infection and/or proton irradiation on those patterns.

This comprehensive approach will provide new insights into mucosal and systemic host immune

functions. Additionally, comparison of the results from the animal model and human studies "

should provide directions for future studies.
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National Space Biomedical Research Institute
IMMUNOLOGY, INFECTION AND HEMATOLOGY

Table 1. Pro}ect Research Activities

Pl/Project

BUTEL/Viral Infections and

Mucosal Immunity

FOX/Microorganisms in the

Spacecraft Environment
GEWIRTZ/Effect of Deep

Space Radiation on Human
Hematopoietic Stem Cells

SHEARER/Space Flight

Immunodeficiency
Sill/Endogenous Opioid-

Mediated Fas Expression in
Stress-Induced Lymphocyte

Apoptosis

SONNENFELD/Suspension,
the HPA Axis and Resistance

to Infection

Risk(s)

Addressed

1-5

3-5

1,3,4

1,3,4

1,2,4

2-5

Countermeasure

Target

Pharmacological
Agents

Pharmacological

Therapy
Stem Cell Therapy,
Cancer

Chemotherapy

Antibody Therapy,

Stem Cell Therapy

Cytokine Therapy

Pharmacological
Therapy

Experimental

System

AOS; IR; Humans

Microbes

In Vitro Stem
Cells

IR;
Humans

AOS, IR

AOS, IR

Phase 1

Activities:

Focused

Mechanistic

Research

Detect immune

damage; Measure
infection

Develop microbe

detection system
Detect damage to
stem cells

Measure apoptosis

in thymocytes
Measure HPA in

AOS, IR

Determine role of

different stressors
on immune

responses

Phase 2

Activities:

Preliminary
Countermeasure

Development
Research

Formulate antiviral

reagents

Perfect microbe

detection system
Formulate autologous

stem cell transplant

Adapt Earth Rx

strategies
Formulate drug

treatment program

Formulate anti-stress

program

Phase 3

Activities:

Mature

Countermeasure

Development
Research

Flight test

detection system
Test stem cell

Transplantation in

space
Perform Rx in space

Test program in

space

Risks Key: 1) Radiation damage to stem cell and immune system; 2) Microgravity damage to immune system; 3) Reactivation of latent viral

infections; 4) Malignancy; 5) Altered microbes

Definitions: AOS, anti-orthostatically suspended murine model; IR, irradiated mice; Humans, humans exposed to Antarctic winter or isolation in

capsules; Microbes, microbial detection systems; HPA, hypothalamic pituitary axis; Rx, treatment
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IMMUNOLOGY, INFECTION AND HEMATOLOGY PROGRAM

Table 2. Integration Activities

Internal

Communication

(E-mail, telecons,
retreats, scientific

meetings for all

projects)

Integrated
Experiment
Development

Sample Sharing

Synergistic Studies

of Opportunity

Development of
Computer Model of

Integrated Human
Function

Definitions:

BUTEL

• Shearer

• Sonnenfeld

* Fox

• Gridley (LLU)

• Lugg (ANARE)
• Pierson (NASA)

• Larina (IBMP)

FOX GEWIRTZ SHEARER

• Gridley

Model Radiation and AOS
Studies

• Shearer • Pierson

• Gridley • Larina

• Reuben • Lugg
• Sonnenfeld • Fox

Blood, Urine
• Shearer

• Reuben

• Larina

Antarctic Winter

• Shearer

• Lugg
• Pierson

• Butel

• Sonnenfeld

Collaborative Gene
Probe Studies

• Butel

• Sonnenfeld

• Shearer

• Shi

• Sutherland

(BNL)

Model Radiation
Studies

• Reuben

• Shearer

• Butel

• Gewirtz

• Fox

• Shi

• Sonnenfeld

SHI

• Sonnenfeld

• Lugg • Butel
• Pierson

• Dinges
(Psych)

Model AOS

Studies

• Gewirtz

Blood

• Sonnenfeld

• Butel

SONNENFELD

• Shearer

• Butel

• Vazquez (Rad)

Stem Cells

• Reuben

• Shearer

Microbes

• Butel

• Sonnenfeld

Radiation, AOS

• Butel

• Sonnenfeld

Radiation

• Reuben

• Shearer

• Kennedy

Model Radiation and

Human Exposure Studies
• Butel

• Reuben

• Lugg

• Gridley

Blood

• Butel

• Reuben

• Dinges

Antarctic Winter, Sleep

Deprivation
• Butel

• Dinges

(Rad. Team) • Lugg

Radiation

• Sutherland

• Kennedy

Collaborative Gene
Probe Studies

• Butel

• Fox

Blood

• Vazquez

Radiation, AOS

• Butel

ANARE, Australian National Antarctic Research Expedition; NASA, National Aeronautics and Space Administration; IBMP, Institute for
Biomedical Problems, Moscow; LLU, Loma Linda University; Psych, Psychosocial Team; Rad, Radiation Effects Team; BNL, Brookhaven

National Laboratory; AOS, Antiorthostatic Suspension

10



IV. RESEARCH PROGRAM ACCOMPLISHMENTS

William T. Shearer, M.D., Ph.D.
Team Leader

Team Project 1: Radiation_ Viral _ and Immune Studies

a. The Effect of Irradiation on Murine Polyomavirus Replication and Persistence in

Mice. JS Butel, S Zhang, BN Lee, DY Shen, JM Reuben, WT Shearer

Rationale: There is concern that long-duration, deep space flight will alter the human immune

response, leading to "space flight immune deficiency", reactivation of latent viruses, and
increased viral infection and disease, including cancer. The specific agents being studied are the

polyomaviruses, small DNA viruses with strong oncogenic potential that are known to establish

persistent infections and to undergo reactivation when the host immune system is compromised,

leading sometimes to viral disease and cancer. Murine polyoma virus (PyV) is a naturally

occurring polyomavirus of mice that is genetically related to the human polyomaviruses.

Another major risk to the success of space missions is chronic exposure to ionizing radiation,

which can damage host cells and immune function.

Methods: Six- to 8-week-old BALB/c mice are used; some are given 3 gray whole-body

gamma irradiation. Mice are inoculated intraperitoneally with different amounts of PyV (25-128

hemagglutinating units). At different times postinoculation, tissues are collected, weighed and
DNA extracted. Virus is detected using a specific PCR method (1-2 p.g DNA/reaction).

Results: We monitored virus replication in 8 tissues (salivary gland, kidney, liver, lung, spleen,

mammary gland, skin and bone) at different time points after infection (days 3, 7, and 20) of
normal mice. Length of persistence of virus in different tissues was dependent on the dose of
virus inoculated. Some tissues retained virus at detectable levels for up to 20 days, whereas

other tissues had cleared the virus by day 20. Having established the parameters of virus

infection and replication in normal animals, experiments have been initiated to evaluate the

effect of gamma irradiation on host control of viral infection. In preliminary experiments, we
have found that gamma irradiation delayed the clearance of virus infection, with persistence of

virus being observed in kidney, liver, spleen and salivary gland at least through day 31. Immune
function assays are in progress in collaboration with Dr. J. Reuben to correlate immune status
with virus detection. Follow-up long-term experiments will examine the effect of gamma

irradiation on reactivation of latent viral infections and tumor development.

This mouse model will allow targeted studies of the effects of irradiation on host immune

function, virus infection, and tumor development. Such data will help define the potential risk of

these combined factors to long-duration space flight and will allow tests of countermeasures.

ho
The Effect of Gamma Irradiation on the Immune Responses of Mice with Polyoma

Virus Infection. JM Reuben, JS Butel, BN Lee, S Zhang, DY Shen, WT Shearer

Backeround: There is concern that protracted space flight may adversely affect the human

immune response by altering the delicate balance between Thl (IL-2, IFN-g, and TNF-a) and

Th2 (IL-4 and IL-5) cytokines to a level that may result in the reactivation of latent viruses, and
increased viral infection and disease, including cancer. The specific agents being studied are the

polyomaviruses, small DNA viruses with strong oncogenic potential that are known to establish

persistent infections and to undergo reactivation when host immune system is compromised,
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leading to viral disease and cancer. Murine polyoma virus (PyV) is a naturally occurring

polyomavirus of mice that is genetically related to the human polyomviruses. Another major

risk to the success of the space missions is chronic exposure to ionizing radiation, which can

damage host cells and immune function.

Methods: We used seventy 6-8 week old Balb/c mice to study the effects of gamma irradiation

and PyV infection on T-cell proliferation and cytokine production. Of the 70 mice studied, 48

mice received 3 Gy of gamma irradiation on Day 1 (Groups B and D). The 22 non-irradiated

mice were split into 2 groups; 12 were inoculated intraperitoneally with PyV on day 3 (Group C)
and 10 were not inoculated with PyV (Group A). Among the 48 irradiated mice, 36 were

inoculated intraperitoneally with PyV on day 3 (Group D) whereas the other 12 mice were not

inoculated with PyV (Goup B). Mice were sacrificed on days 3, 7, 12, 17, 24, and 31, spleen
cells harvested and activated in vitro with Conanavalin A (Con-A) to assess the proliferation and

the production ofThl (IL-2, IFN-g, and TNF-a) and Th2 (IL-4 and IL-5) cytokines by T cells.

Results: Compared with non-irradiated mice (Groups A and C), Con-A-stimulated spleen cells
of irradiated mice (Groups B and D) produced significantly lower levels of IL-2 (P = 0.001),

IFN-g (P = 0.001), TNF-a (P = 0.001), IL-4 (P = 0.001), and IL-5 (P = 0.003) on day 3, prior to

inoculation with PyV. Similarly, the proliferation of Con-A-stimulated spleen cells of irradiated

mice was significantly less than spleen cells of non-irradiated mice (P = 0.001).

PyV infection of irradiated mice did not adversely affect the immune function up to day 12 post-
infection; however, on day 31, post infection with PyV infection, spleen cells of irradiated mice

(Group D) produced significantly lower levels of IL-2 (P = 0.01), IFN-g (P = 0.01), TNF-a (P =

0.01), and IL-5 (P = 0.019) than spleen cells of irradiated mice without PyV infection (Group B).

Group D mice produced significantly less Thl cytokines, IL-2 and IFN-g, than non-irradiated
mice that were inoculated with PyV (group C) at all time points tested.

Conclusions: We have established a mouse model system to study the combined effects of

radiation and virus infection on the host immune system and virus infection. Our preliminary

data suggest that there are potential risks for the host from the combined exposure to gamma
irradiation and infection with virus that suppresses Th 1 cytokine production.

Co Effect of Deep Space Radiation on Human Hematopoietic Stem Cell Function.

M Stanislaus, P Bennett, P Guidal, G Danet, J Luongo, B Sutherland, A Gewir_

Astronaut flight crews on long-term missions in deep space will be exposed to cosmic radiation

consisting of high energy particles (predominantly Fe56+), and high doses of low energy transfer
(LET) elements. The effect of this environment on DNA damage and stem cell function is

presently unknown, and important to define. We initially investigated the biologic consequences

of exposing human hematopoietic stem and progenitor cells (HSC; HPC) to Fe26+ particles

generated by the Relativistic Heavy Ion Collider at BNL, and for more repetitive, confirmatory,

experiments, to gamma-radiation imparting similar amounts of energy, using a Cs 137 source.
Normal marrow mononuclear cells (MNC) were exposed to gamma-irradiation ranging from 15

cGy to 140 cGy. Effects on HPC were assessed by colony forming unit (CFU) assays, and HSC

by long-term cultures (LTCIC) and SCID mouse repopulation assays. A 15 cGy exposure

resulted, respectively in a 19%,24%,25% and 33% decline in CFU-GM, BFU-E, CFU-Meg, and

CFU-GEMM, while a 140 cGy exposure resulted, respectively, in 67%,84%,98% and 93%
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colony declines. Effect on HPC proliferative capacity was assessed by counting cell s/colony in
CFU-GM and BFU-E. BFU-E, not surprisingly, were more severely effected manifesting a 82%

decrease in cells/colony compared to 61% in CFU-GM. Gamma-radiation also had a substantial
effect on LTCIC with 48% and 99% decreases with 15 cGy and 140 cGy doses respectively.

These results are consistent with an experiment performed on MNC exposed to BNL generated

Fe56 +. Effect of these doses on SCID repopulating cells (5 mice/group) is being evaluated.

Ionizing radiation (IR) also induces difficult to repair clusters of complex DNA damages

consisting of oxidized bases, a basic sites, and breaks on opposing strands within a few helical
turns. In whole cells, even low doses of IR resulted In complex damages accounting for -30% of

al I damages found. These results suggest that: I] human HPC and HSC are very sensitive to
even low doses of radiation of the type to be anticipated in travel away from earth orbit, and 2]

further studies are needed to both quantitate the risk to flight crews on deep space voyages, and

to develop effective countermeasures.

d. Antarctica Winter Isolation Alters the Pro-Inflammatory: Anti-Inflammatory

Cytokine Balance in Humans Experiencing Reactivation of Latent Viruses:

Implications for Chronic Viral Infection and Development of Malignancy.
WT Shearer, D.I Lugg, HM Rosenblatt, BN Lee, SG Cron, EO Smith, PM Nicholis,

RM Sharp, K Rollings, JM Reuben

Background: Space flight conditions of stress, isolation, containment, microbial contamination,

microgravity, and radiation weaken immune responses and predispose to infection and cancer.
Pro-inflammatory cytokines such as WN-y and anti-inflammatory cytokines, such as IL-Io.RA,

and IL-10 are frequently measured in suspected pathological conditions where the balance

between TH 1 and TH2 cytokines is thought to exert an important immunoregulatory function.
Since the 8-month Antarctic winter-over presents several conditions of space flight that might

alter immune balance of latent virus infection, we measured pro- and anti-inflammatory

cytokines in human volunteers during the Antarctic winter.

Methods: Human volunteers (adult males 24-45 yr) were stationed at the Australian Antarctic

outposts of Davis (n=10) and Casey (n-I 1), serving as experimental subjects, and on the supply
station of Macquarie Island (n=7), serving as control subjects. In April 1999 the experimental

subjects were isolated by ice, whereas control subjects still had access to the mainland. Monthly

plasma specimens were collected, stored at -70°C, and later packed on dry ice and airlifted to
Houston. An enzyme-linked immunoassay (ELISA) was used for the determination of

cytokines. Statistical analysis of data utilized an analysis of covariance for repeated measures

for the change of plasma cytokine concentrations with respect to time and students T-test for the

significance of cytokine values between experimental and control values at individual time

points.

Results: There was a significant time-dependent decrease (P = .042) in the plasma levels of IL-

l0 in study subjects (Davis and Casey) during the period of isolation in comparison with the

control subjects stationed on Macquarie Island. Bimonthly comparisons between study and

control subjects revealed significant differences from March through September (P < .036). For

example, the adjusted value (mean + SEM) in September for the study subjects (6.22 _ 0.31

pg/mL) was 18% lower than that for the control subjects (7.59 ± 0.53 pg/mL). Study subjects
exhibited a time-dependent decrease in plasma IL-IRA levels in comparison with control

subjects (P = .053). Bimonthly comparisons of study and control subjects' values revealed
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statisticallysignificantdifferencesin theisolationperiod(P _<.034). The adjustedvalue(mean__
SEM)in Septemberfor thestudysubjects24.1_ 1.01pg/mL)was42% lower thanthatfor the
controlsubjects(42.8__ 1.06 pg/mL). During the period of isolation, there was a significant

time-dependent difference in the plasma level of IFN-? between the study subjects and control

subjects (P = .039). Bimonthly comparisons of study and control subject values revealed

statistically significant differences in the isolation period (P _<.045). The adjusted valued (mean
:1:SEM) in September for the study subjects (11.6 + 1.05 pg/mL) was 43% higher than that for

the control subjects (8.09 + 1.10 pg/mL).

Conclusion: IL-10 and IL-1RA are potent anti-inflammatory cytokines that are capable of

shifting the balance of pro-inflammatory and anti-inflammatory cytokines. We conclude that the

Antarctic winter-over model of space flight demonstrated a tipping of the cytokine balance

toward a pro-inflammatory profile--findings consistent with latent virus activation of T-cells.

eo Polyomavirus JCV Reactivation and Shedding in Healthy and

Immunocompromised Hosts: Implications for Space Travel. JS Butel, JA Lednicky,

RA Vilchez, F Visnegarwala, DE Lewis, CA Kozinetz, WA Keitel

Background: Space flight is known to affect the immune response, and weakening of normal

immunity can have a major impact on the host's ability to control infections. An important issue
is how serious a medical risk infectious diseases pose to the success Of long-duration space

flight. Because all humans are infected for life with latent and persistent viruses, we are
interested in whether space flight-induced immune deficiency may allow reactivation of latent

viruses, leading to viral disease and malignancies. We have used polyomavirus JC virus (JCV)

as a representative persistent virus and H/V-infected subjects as models of individuals with

immunodeficiency. We determined the pattern of JCV shedding over time in healthy adults and

the frequency of virus reactivation among individuals with impaired immune responses.

Methods: We performed two prospective human cohort studies: (1) Shedding of JCV was

monitored longitudinally in 30 healthy adults over 14 months; and (2) Reactivation of JCV was

determined in single samples from 70 H/V-infected patients receiving highly active antiretroviral
therapy (HAART), compared to 68 H/V-uninfected individuals serving as controls. Samples of
blood and urine were collected and analyzed by polymerase chain reaction and sequence analysis

using JCV-specific primers against different regions of the virus genome.

Results: JCV viruria over time among the 30 healthy adults was 46.7% (_1 positive urines over

14 months) with shedding occurring more often in persons >_40 years of age (p<0.03). The

urinary excretion of JCV among healthy volunteers was more common in the fall and winter

months (p--0.05). In the HIV-infected cohort study, JCV shedding was more common in HIV-

positive patients but not significantly different compared to the H/V-negative group (22/70, 31%
vs. 13/68, 19%; p=0.09). H/V-positive individuals did not display the age-related pattern of JCV

shedding (p=0.13) typical of the control group (p=0.01). Among H/V-infected patients, JCV

excretion was significantly correlated with lower CD4 cell counts (p=0.03). No JCV sequences
were detected in the blood of any of the patients in the two cohort studies.

Conclusion: These results suggest that the reactivation of JCV over time varied among

individuals and by season. JCV shedding among patients with partial immune function (HIV-

infected patients receiving HAART) was increased in patients with modest reduction in immune
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capacity.Thesefindingssupportthepotentialfor virusreactivationasa resultof spaceflight-
inducedimmunesuppression.

Team Project 2: Anti-Orthostatic (Microgravity) Model and Microbial Monitorine Studies

a. Suspension, the HPA Axis, and Resistance to Infection. G Sonnenfeld

1) The hypothesis bring tested is: antiorthostatic (AOH or hindlimb) suspension of mice, a

model for some of the effects of space flight on the immune system, results in altered resistance

to infection with pathogens. Testing of this hypothesis will provide data to allow development of

future studies to determine if space flight affects resistance to infection and if countermeasures

can be developed to prevent any detrimental effects.

The specific aims of the study are:

A) to expand the range of infections altered by AOH suspension. We have already shown that
resistance to some infections that are not likely to be risks during space flight has been altered by

AOH suspension and we now wish to determine if infections that could be a risk during space

flight are affected by the suspension model.

B) to determine the mechanism of alteration of resistance to infection induced by AOH

suspension. Although previous studies have shown that immune responses are altered by space

flight, we now wish to extend these studies to determine the role of neuroendocrine system in

regulating infections. This will be carried out using two approaches. The data obtained from

experiments using both approaches will be integrated to allow for development of a model for
the mechanism(s) of the effects of hindlimb suspension on resistance to infections.

2) We have completed our study on the effects of hindlimb unloading suspension on resistance
to infection with Klebsiella pneumoniae. We have found that suspension enhanced mortality of

infected mice significantly compared to controls. We also found that suspended mice had

impaired ability to clear the K. pneumoniae. We also carried out a study to determine the effects

of hindlimb suspension on infection of mice with Pserudomonas aeruginosa. We found that

suspension resulted in enhanced mortality of mice infected with P. aeruginosa. It also appears

that production of specific IgM and IgG antibodies directed against P. aeruginosa was

significantly inhibited in the suspended mice.

We received a contract from a Japanese corporation, the Amino-Up Chemical Company, to test
the effects of a nutritional supplement, AHCC, in our model. Our results show that pretreatment

with continued treatment of mice ihroughout the suspension period resulted in protection of

hindlimb-suspended mice from infection with Klebsiella pneumoniae.

We also continued our studies on the effects of catecholamines on bacterial growth a virulence.

We were able to show that growth of anaerobic bacteria was affected by treatment with
catecholamines. Treatment of bacteria with the hormone DHEA inhibited bacterial growth.

Therefore, we will be exploring use of hormones and nutritional supplements as
countermeasures.
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In collaborationwith Drs. Fox and Willson, we have begun studies using array analysis to

determine the proteins that are enhanced when gram-negative bacteria have growth enhanced by
catecholamines. We are also about to begin studies with Dr. Butel on the effects of

catecholamines on growth of viruses.

Finally, we have agreed with Dr. Vazquez of the Radiation team to look at cytokine profiles of

mice he currently is exposing to radiation.

3) The results of the current research are very much inline with the proposed studies described

in the original proposal. We will continue in the next year with the work as outlined in the

original proposal.

4) We will, in the next year, expand our studies with suspension to include gram positive

bacteria. We will study the mechanisms involved in the effects of suspension on resistance to
infection and the effects of catecholamines on bacterial growth. We will also look at the

practicality of expanding development of countermeasures that we have uncovered

b. Apoptosis in Thymocytes in Anti.Orthostasis. Y Shi

The funding for our project was started on April 1, 2002. In the last few moths, we have
established the mouse antiorthostatic suspension model. We have identified several potential

variables and now stabilized our experimental system. We have found that suspension could

induce significant reduction in both thymocytes and splenocytes. Flow cytometrical analysis
revealed that immature CD4+CD8 + CD3 I°Wthymocytes are most sensitive to suspension-induced

reduction. Significant reduction could be observed as early as 2 days after suspension. Mature
CD4+CD8 and CD4CD8 +cells are also being affected, though longer suspension is required. In

the spleen, the changes varies in different populations. CD4 + T cells showed a sharp reduction at

2 days after suspension while CD8+T cells and CDI9 + B cells showed a gradual reduction from

day 2 to day 7. It should be point out that the changes in different populations of lymphocytes

does not exactly correlate with the published data obtained from rats flew to the space. Different

variables in the two systems will be analyzed in our future experiments.

We have found that suspension could increase the expression of Fas expression on splenocytes.

Interestingly, suspension-induced reduction in the splenocytes could be blocked by

administration of antibody to FasL (60% vs. 13%). Interestingly, stress-induced thymocytes

reduction could not be affected by anti-FasL, indicating that in response to suspension stress,

splenocytes and thymocytes die via different mechanisms. We also found that opioid receptor

antagonist, neltraxone, could also effectively block suspension-induced reduction in splenocytes,

bout not in thymosytes.

Although our data from the anti-FasL experiment clearly indicate that Fas-mediated apoptosis is
involved in the splecocytes, we also found that suspension also induced some increase of CD4 ÷

cells in bone marrow, indicating that except apoptosis, lymphocyte redistribution may also

contribute to the reduction in the splenocyte of mice subjected to antiorthostatic suspension.

Our studies have clearly demonstrated that the Fas-FasL interaction is critical for splenocytes

apoptosis in suspended mice. Since it has been reported that free radical reactive species are also

important in stress-induced lymphocyte death, we tested whether there is an interaction between

16



William T. Shearer,M.D., Ph.D.
TeamLeader

reactivespeciesandFas. We foundin anin vitro experimentthatFasandH202 could
synergisticallyinduceapoptosisin freshlyisolatedsplenocytes.Theeffectsof glutathione,afree
radicalscavenger,arenow beingevaluatedin therescueof lymphocyteapoptosisin themouse
antiorthostaticsuspensionmodel.

We havealsostudiedtheeffectof anti-orthostaticsuspensiononT cell proliferationinducedby
anti-CD3stimulation. At differenttime aftersuspension,splenocyteswereisolatedandequal
numberof live cells wereactivatedandtheirproliferationwasassayby [3]H-thymidine
incorporation.We found thatthemostsignificantreductionin cell proliferationwasat 2 days
aftersuspension.Interestingly,thisreductionwasblockedby anti-FasL.Therefore,theFasand
FasLinteractionalsoplaysanimportantrolein activation-inducedcell proliferation. We have
alsoestablishedthatFas-mediatedapoptosisplay acriticalrole in thedifferentiationof Thl and
Th2cells. Theaspectof Thl andTh2 differentiationwill beexaminein suspension-induced
modulationof the immunesystem.

Earlyworkhasbegunwith theRANKL (Receptoractivatorof NF-kB ligand) expressionin
lymphoidtissuein stressedmicetreatedwith steroids.Thisnewmemberof theTNF family has
beenshownto be importantin osteoclastformationandfunction. We havefoundthatthis
moleculecouldbeinducedin lymphocytesbyTCR ligationandtreatmentwith dexamethasone.
Sincesteroidhormonesarereleasedduringstress,theirrole throughRANKL in the
communicationbetweentheskeletalandtheimmunesystemswill be furtherinvestigated.

c. Microbial Monitoring. GE Fox, R WiUson

Probes: We have completed development of a set of 16S rRNA probes that can be used with

similar efficiency at a single hybridization temperature. These probes will target major problem

and indicator organisms in water samples. We also completed the development of a

computational algorithm that allows identification of short 16S rRNA subsequences that are

highly characteristic of various phylogenetic groupings. In principle, an array of appropriately

designed probes based on these signature sequences could be used to determine the genetic
affinity (nearest known relatives) in the absence of any prior knowledge of what the problematic

organism might be. In practice, the signature sequences themselves tend to be short (15
nucleotides or less) and hence not ideal for use in arrays. Most recently, we discovered a way to

extend the algorithm that will allow us to identify very long (30-60 nucleotides) signature

fragments whose sequences, despite occasional mismatches, are highly characteristic of various

phylogenetic groupings. We are currently identifying a number of useful sequences of this type

and have arranged a collaboration with Xeotron Inc. to construct and test a prototype signature

array.

Detection:

Mass Spectrometry: Our studies of signature sequences made it clear that many short

oligonucleotide sequences are in fact highly characteristic of specific organisms or groups of

organisms. A portion of these signature sequences can be readily liberated from RNA samples by

a very simple one step experimental procedure, enzymatic digestion with a specific endonuclease
such as ribonuclease T1. These RNAs are sufficiently small that they might be readily identified

by their mass (and implied composition) in a MALDI-TOF mass spectrometer. This approach is

especially promising because several groups are developing mass spectrometry instruments for
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usein space.BecausetheUniversityof Houstonis in theprocessof purchasingstateof theat1
massspectrometryequipmentthatwill beavailableto us,we havedecidedto pursuethis
approach.Initial experimentswith acontrolRNA weresuccessfullycompletedrecentlyandwe
arenow in theprocessof examiningdigestionsfrom asingleorganism.

Beacons and NASBA: Several probes for organisms of primary interest have been successfully

implemented in beacon format. "Red-shifted" beacons have minimized contributions from
sample autofluorescence. A new collaboration with the Ellington group at the University of

Texas will implement some of our beacons in the context of the UT "Electronic tongue'"
biosensor device.

The major difficulty in applying beacons to microbial detection is sensitivity; organisms of

interest are sometimes present at concentrations too low to be quantified by beacon fluorescence.

RT-PCR amplification is one solution to this problem, but we have been exploring an alternative

amplification method which may be much more compatible with spacecraft operation. NASBA

is an isothermal, multi-enzyme amplification cascade compatible with RNA samples and not

requiring the energy-intensive heating and cooling cycles characteristic of PCR. We have

achieved NASBA amplification of segments of rRNA, and are now exploring its use with viral

samples. In each case, beacon detection of the amplicons will be possible, allowing specific and

convenient homogeneous detection.

Mierogravity Studies: There is preliminary evidence that the microgravity environment seen in

space effects bacteria in non-obvious ways with such possible outcomes as altered drug

resistance or pathogenicity. In order to explore this possibility further, we are collaborating with
Dr. Duane Pierson of JSC to examine the response of E. coli cells grown in simulated

microgravity. In order to do this, we are using modem proteomics technology to examine the

expression levels of each and every gene in E. coli when cells are grown in a rotating bioreactor.

Although this portion of the project was delayed by the inability of the manufacturer to deliver

the arrays on a timely basis, we are now making good progress. Various kinetic controls have

been completed and several control hybridizations have now been completed. In the future, it is

likely that in addition to examining mRNA levels it will be useful to use two-dimensional protein

gels to examine the actual levels of various gene products. We are currently developing this
capability, which will also benefit from the new mass spectrometry facilities as well.

Sample Processing: Most recently, we have been addressing the problem of probe/beacon

target accessibility in rRNA, especially large and highly structured 16S rRNA. Early

experiments with unfolding-promoting oligonucleotides designed to hybridize to core structural

elements have been promising. More directly, we have been exploring fragmentation of rRNA

using cleavage by controlled heating in high [Mg+2] buffers, or by ribonucleases. Each of these

approaches has been shown to enhance the hybridization signal obtained with beacons.

Collaborations with Other NSBRI Team Members: In collaboration with Dr. Janet Butel, we

are examining the historical relationship between sequenced strains of the SV40 virus in order to

better understand the significance of cases where SV-40 has been isolated from humans. Our
contribution is to the bioinformatics component of the project. We are also beginning to

collaborate with Dr. Butel on viral detection using NASBA is an isothermal, multi-enzyme

amplification cascade compatible with RNA samples and not requiring the energy-intensive
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heating and cooling cycles characteristic of PCR. NASBA would be combined with beacon

detection of the amplicon.

In collaboration with Dr. Gerry Sonnenfeld, we are building on his group's observation that
human stress hormones stimulate the growth of several strains of bacteria at physiologically-

relevant concentrations. Dr. Sonnenfeld's postdoc will come to Houston in September so that we

may conduct collaborative experiments using macroarrays to determine the effects of hormone

exposure on gene expression in E. coli.
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I. Abstract.

The research mission of the Muscle Alterations and Atrophy Team (MAAT) is to

ascertain the underlying mechanisms associated with the loss of muscle mass, strength,
and endurance that are the cornerstones of the structural and functional deficits that occur

when individuals (human and animal) are subjected to prolonged states of inactivity or

skeletal muscle unloading. A key element of this research mission is to, over time,

elucidate countermeasures that can effectively ameliorate these deficits using a variety of

strategies such as exercise, nutritional and pharmacological interventions, as well as

evolving the unique strategy of human powered artificial gravity (assuming that both

NASA and the NSBRI becoming truly committed to exploring the modality as a

countermeasure strategy). In the past fiscal year significant progress has been made in

gaining a better understanding of 1) the factors that induce/affect muscle atrophy, 2) the

key genes that are impacted by muscle unloading stimuli, 3) the functional consequences

of the atrophy process, and 4) the efficacy of using a) relatively common therapeutic

agents and b) a simple isometric resistance training program to significantly reduce the

atrophy response in rodent skeletal muscle. This latter observation has the potential to be

translated to human experimentation as a potential countermeasure

II. Introduction

In the Fall of 2000, the National Space Biomedical Research Institute's (NSBRI) Muscle

Alterations and Atrophy Team (MAAT) began its second three-year funding cycle on

research dealing with the structural and functional deficits of the skeletal muscle system

in response to prolonged exposure to space flight or the environment of microgravity. Of

the eight original projects that were selected in the first period of funding (1997-2000),

only one project was selected for continuation. The PI for the project was Dr. Alfred

Goidberg, Harvard Medical School; and Dr Ken Baldwin, University of California, lrvinc

served as a co-investigator on that original project.

In the Fiscal-Year 2000-2003 funding cycle, seven new projects were selected for

funding in addition to Dr. Goldberg's project. Two projects were selected for a funding

cycle that started on October 1, 2000. These selections involved projects headed by Dr.

Baldwin and Dr. Goldberg, respectively, who now serve as the Team Leader and Co-

Team Leader for the MAAT. The remaining six projects were recently initiated in

funding cycles at different starting dates in the 2001 calendar year. These projects are

defined in the next section, Program Structure and Design. During Fiscal Year 2001-

2002, two additional projects from the Integrated Function Team were reassigned to the

MAAT such that there are now a total of ten research projects that define this team.

The research mission of the MAAT is to ascertain the underlying mechanisms associated

with the loss of muscle mass, strength, and endurance that are the cornerstones of the

structural and functional deficits that occur when individuals (human and animal) are

subjected to prolonged states of inactivity or skeletal muscle unloading. A key element of
this research mission is to, over time, elucidate countermeasures that can effectively



amelioratethesedeficitsusingavarietyof strategiessuchasexercise,nutritional and
pharmacologicalinterventions,aswell asevolvingtheuniquestrategyof humanpowered
artificial gravity(assumingthatbothNASA andtheNSBRIbecomingtruly committedto
exploringthemodality asacountermeasurestrategy).

Muscle Deficits and Critical Concerns to Be Addressed by the Muscle Team.

The following deficits/concerns have been identified in the critical pathway of

understanding astronaut health and safety during prolonged spaceflight. These include:

, Reduced muscle mass (atrophy), which is thought to be due to an imbalance in

protein synthetic to protein degradation activity within targeted fibers. The

mechanism(s) for such a response is largely unknown.

2. Reduced muscle strength leading to a decrease in physical activity performance and

high power output capacity. Deficits in strength often exceed the loss in muscle mass

suggesting that more complex mechanisms are responsible for the reduced

performance.
3. A slow-to-fast shift in the contractile protein phenotype, e.g., shifts to expression of

faster myosin heavy chain (MHC) and calcium cycling proteins. These alterations
induce the muscle fibers to become less economical in sustaining force output and

locomotor activity.

. A decreased resistance to fatigue, (which could have functional implications in the

performance of extra vehicular activity in space and in performing emergency egress

activity upon space craft landing.) This problem is relevant to the other deficits

outlined above.

. A proneness to muscle injury, which is due to the atrophy and loss of strength. An
additional outcome of the muscle weakness could cause increased susceptibility to

accidents that, in turn, could cause damage to other systems, e.g., bone fractures.

. Changes in muscle properties are closely linked to changes in the ability of nervous

system to accurately control movements; and thus such changes affect safety when

performing any type of work.

III. Research Program Structure and Design

Listed below are the research topics and the associated Principal Investigators that form

the backbone of the MAAT Strategic Plan. These include:

Role of Muscle Loading Conditions on Mechanisms of Protein Translation and

Their Impact on Unloading-Induced Atrophy -(PI: K. M. Baldwin; University of

California, Irvine). This project addresses Concerns #1 and #2.



TheActivation of ProteinBreakdownUponUnloadingandPossible
Countermeasures--(PI:A.L. Goldberg;HarvardMedicalSchool).This project

addresses Concern #1.

• Calpains in Simulated Microgravity-induced Muscle Atrophy -(PI: P. B. Antin;

University of Arizona). This project addresses Concern #1.

Genomics of Human Skeletal Muscle During Bedrest and Exercise --(PI; M.

Hamilton; University of Missouri, Columbia). This project addresses Concerns

#1-4.

• Gene Expression Profiling of Unloaded Skeletal Muscle -(PI; S. Kandarian:

Boston University). This project is also linked to Concerns #1-4

• In Vivo Stress Strain Dynamics in Human Muscle -(PI:S. Sinha; University of

California, Los Angeles). This project addresses Concerns #4-6

• .Redux Modulation of Muscle Fatigue and Atrophy Processes in (Simulated)

Microgravity-(PI; M. Reid: Baylor College of Medicine). This project addresses

Concern # 2 and 4.

• Cell and Molecular Biomechanics: Cardiac and Skeletal Muscle-(Pl; P. B. Chase:

Florida State University). This project addresses concerns #4-6.

• Calcium Homeostasis and Muscle Phenotype -(PI: R. Wiseman: Michigan State

University ). This project addresses Concerns #3 and 4.

• Human Muscle Energetics and Mechanics-(PI; M. Kushmerick: University of

Washington). This projects addresses Concerns #4-6.

IV. Research Program Accomplishments

Key Findings From the Baldwin Team:

The major goal of our project is to identify the key molecular events that occur to control

net protein balance when muscles are manipulated to either hypertrophy or atrophy.

Additional studies are designed to determine what types of resistance training are more

effective in reducing muscle atrophy in models of muscle unloading (simulated events

that mimic microgravity).
In FY 01-02 we demonstrated that a daily resistance training program consisting of

isometric contractions (3-4 sets; five 1 sec contractions per set; spaced with appropriate

rest intervals) is effective in retarding the atrophy and net total protein loss that occurs in

a mix-fibered rodent muscle (medial gastroc) in response continuous hindlimb unloading.

This retention of muscle mass was associated with signals that indicated that the muscle

was attempting to turn pathways on that normally are indicative of a hypertrophy

response. The significance of this observation is that if this type of intervention is
extended to astronauts, it would appear that a relative simple resistance training paradigm



thatcanbeperformedin aminimaltime framemaybeeffectivein retainingmusclemass
duringprolongedspaceflight.

In anadditionalstudyweobservedthatoneof theearlysignalingprocessesimportantfor
musclehypertrophyandapositiveproteinbalanceinvolvesanincreasein theribosomal
RNA pool,which is neededfor thegeneraltranslationof muscleprotein.The
significanceof thisresponseis thatthis adaptiveprocessmaybea goodpredictorof the
netproteinbalancein themusclethatcanbeachieved,becauseadditionalobservations
byourgroupindicatesthattheearlystagesof atrophycauseanoppositeresponse,e.g.,an
decreasein ribosomalRNA concentrationandcontent.Thisadaptiveresponsemayserve
asagoodpredictorof whethera givenactivitypatternmayresultin muscleprotein
deficitsor muscleproteingains.

Publications:

Adams,G.R., V. J.CaiozzoCellularandmolecularresponsesto increased
skeletalmuscleloadingafterirradiation.Am. J. Physiol Cell Physiol. 283:C1182-

C1195, 2002.

Baldwin, K. M. and F. Haddad. Skeletal Muscle Plasticity: cellular and molecular

responses to altered physical activity paradigms. Am. J. Physical Med. 81 : 000-

000, 2003.

Baldwin, K. M., V. R. Edgerton, and R. R. Roy. Muscle Loss in Space:

Physiological Consequences. Encyclopedia of Space Science Technology. John

Wiley and Sons, Hoboken, New Jersey. p. 1-10, 2003.

• Haddad, F. R. R. Roy, V. R. Edgerton, and K.M. Badlwin. Atrophy responses to

complete muscle Inactivity I: Cellular markers of protein deficits. (submitted)

• Haddad, F. R. R. Roy, V. R. Edgerton, and K.M. Badlwin. Atrophy responses to

complete muscle Inactivity II: Molecular markers of protein deficits. (Submitted)

Key Findings From the Goldberg Team.

Muscle unloading (e.g., in space and bed-ridden individuals) and a wide variety of

disease states (such as cancer cachexia, sepsis, or renal failure) cause a rapid loss of

muscle protein and functional capacity due primarily to activation of the ubiquitin-

proteasome pathway. In an effort to establish a comprehensive picture of the

transcriptional adaptations that occur during muscle wasting and underlie the excessive

proteolysis, we have been using cDNA microarrays to analyze skeletal muscle

undergoing atrophy. Initially, we compared the transcriptional profile in gastrocnemius
muscles from normal mice with ones from mice fasted for one or two days. We then

studied whether similar adaptations occurred in rodent muscles atrophying due to cancer

cachexia, diabetes, chronic renal failure, and unloading. Expression of the vast majority

(>95%) of the genes represented on the microarray did not change. However many of the
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mRNAswhich increasedmarkedlywerepreviouslyuncharacterized(ESTs),including
atrogin-1,thenewubiquitin ligase(E3),whoseexpressionwasinduced7-10-fold in all
typesof atrophyingmuscleexamined.Relatedworkhasshownthatthis enzymerises
prior to theonsetof atrophy(Gomes,etal., PNAS,2001)andthatlackof atrogin-1
decreasesthemuscleweight lossupondenervationorunloading(Bodine,etal., Science,
2001). Additionally,amongtheknown,differentiallyexpressedgeneson the
microarrays,certainpatternsemerged:1) only asmalldecreasein expressionofmRNAs
encodingproteinsof themyofibril (whichcomprisemostof proteinslost duringatrophy),
exceptfor a largedecreasein onecomponent,myosin-bindingproteinH; 2) anincrease
in mRNAsencodingpolyubiquitinandmany(butnotall) 20Sand 19Sproteasome
subunits.3) acoordinatedecreasein mRNAs for glycolytic enzymesandalargeincrease
in mRNA for PDHkinase,whicharelikely to contributeto decreasedglucoseutilization
andincreaseduseof fatty acidsfor energyproductionin muscleduring fastingand
cachexia.A numberof geneswhosedifferentialexpressionmayprovideimportantclues
to theatrophyprocesswerealsoidentified(suchasdecreasedexpressionof thegrowth-
factorbindingproteinandincreasesin thestress-proteinmetallothionein).Thesefindings
demonstratetheutility of microarraysfor analysisof atrophyingmuscles.Aside from
discoveringsomedisease-specifictranscriptionalchangesin muscle,wehavehelpedto
clarify thecommontranscriptionalresponsethatgeneratesenhancedproteolysisduring
rapidatrophy.Presenteffortsarefocusingonattemptsto understandthemechanisms
that activatethis responseandagentsthatmayinhibit it andhelppreventatrophy.

Publications:

Jagoe,RT, Lecker,SL, Gomes,M, andGoldberg,AL. Patternsof geneexpressionin
atrophyingskeletalmuscles:theresponseto fooddeprivation.FASEBJournal2002,16:
1697-1712.

Lecker,SL, andGoldberg,AL. SlowingMuscleAtrophy:PuttingtheBrakeson Protein
Breakdown.J.Physiol.,2002(In Press).

Key Findings From the Antin Team:

Calpains in Simulated Microgravity Induced Muscle Atrophy. Therefore, the objective is

to test the hypothesis that inhibition ofcalpain activity in skeletal muscles can reduce

myofibril degradation and muscle atrophy. This is being accomplished through over

expression of the calpain inhibitor calpastatin in transgenic mice, and assessing its effects

on muscle atrophy in the hindlimb unweighting model.

An important initial goal of this project has been to generate and characterize a

transgenic mouse model for regulated over expression of transgenes in skeletal muscles.
We have utilized the benefits of an optimized tet-on system and a modified muscle

creatine kinase (MCK) promoter to generate a skeletal muscle-specific, doxycycline

(Dox) controlled over-expression system. A DNA construct was generated in which the

codon optimized reverse tetracycline transactivator (rtTA) was placed under control of a



skeletalmuscle-specificversionof themouseMCK promoter.Transgenicmice
containingthisconstructexpressedrtTA almostexclusivelyin skeletalmuscles.These
micewerecrossedto asecondtransgenicline containingabi-directionalpromoter
centeredonatet responderelement(TRE)drivingbotha luciferasereportergeneandthe
calpaininhibitor calpastatin.Dox treatedcompoundhemizygousmiceshowedhigh
level,muscle-specificluciferaseactivityoftenexceeding10,000fold overnon-muscle
tissuesof thesamemouse.Similarmuscle-specificinductionwasobservedwith the
taggedcalpastatinproteinonwesternblots. Thesefindingsdemonstratedthe
effectivenessandflexibility of thetet-onsystemto provideatightly regulatedover-
expressionsystemin adult skeletalmuscle.Experimentsarenow underwayto assessthe
potentialprotectiveeffectsof calpastatinoverexpressiononhindlimb unweighting-
inducedmuscleatrophy.

Identifyingthemolecularpathwaysregulatingmuscleatrophyis animportantaspectof
themuscleteamstrategicplan,becauseunderstandinghowmuscleatrophyis regulated
will enablethedesignandimplementationof effectivecountermeasures.Experimentsin
thisproposalaredesignedto determinetheinvolvement ofcalpain proteasesin muscle
atrophy;resultsmaysuggestdirectpharmacologicaltargetsfor inhibition of atrophy
duringextendedspacetravel..

Publication:
Grill, M.G.,Bales,M.S., Garriock,R.J.,andAntin, P.B. (2002)Developmentof an
InducibleSystemfor Muscle-specificGeneExpressionin TransgenicMice: Transgenic

Res: In press.

Key Finding From the Sinha Team.

Muscle atrophy can result from a variety of clinical conditions such as micro-gravity or

immobilization. To address this problem, an advanced high-resolution magnetic

resonance imaging (MRI) was developed to determine the complex biomechanical

interactions of tendons, aponeurosis and muscle fascicles which underlie everyday

movements and investigate how these alter under conditions of atrophy.

We determined the strain distribution parameters in the triceps surae muscle complex of

the lower leg, in-vivo, during isometric contraction, in both normal control subjects, in

subjects one of whose legs was atrophied by suspension for four weeks, and at different

time points during a period that these subjects were undergoing rehabilitative physio-

therapy.

Significant Findings/Accomplishments: Velocity/strain (primary measure) and
muscle volume data (secondary measure) were acquired at baseline, mid- and

termination of suspension of one leg, in six normal (4 male and 2 female) subjects (after

IRB approval) for a 4 week period. At the end of the suspension period, each was given

standard physio-therapy. In terms of changes of muscle volume, different muscle groups

decreased to different extent. The medial gastrocs decreased by a average of 9% (in four

weeks) while the lateral gastrocs had a greater variation between subjects, ranging from 4

to 0.4%. In terms of Maximal Voluntary Contraction (MVC) a significant drop of 40%
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(mean)wasobserved across subjects. Fig. 1 shows the extent and pattern oftraversal of

different pixel along the S/I axis, in this case near the junction of the medial and lateral

gastrocs and the aponeurosis through the different phases of the

Post Suspension

Fig. 1. Extent of Tissue Movement at Medial Gastroc, before and after atrophy, through Contraction

Cycle.

contraction cycle. It is clearly obvious that the extent of strain at different points of

different muscle groups change significantly with the onset of atrophy. In fact,

equivalent points in the muscle experience a decrease in strain by as much as 40%.

Further, and not evidenced in the figure above, upon onset of atrophy different muscle

groups are recruited at different levels, that is, there is re-distribution of strain for the
same isometric contraction. This suggests that in the atrophied state, more volume of

muscle must be used to generate the same amount of torque as the un-atrophied muscle.

Publications:

Sinha S, Hodgson JA, Finni T, Lai A, Grinstead J, Edgerton VR. A comparison of muscle

kinematics quantification using phase-contrast and spin tagging methods of visualizing

motion. Submitted for publication:

Finni T, Hodgson JA, Lai A, Edgerton VR, Sinha S. Non-uniform behavior of human

triceps surae aponeurosis-tendon complex during submaximal voluntary contractions in

vivo. Submitted for publication.

Key Findings From the Kandarian Team.

The overall aim of the proposed work is to delineate cellular mechanisms involved in

unloading-induced skeletal muscle atrophy.

As a first step in elucidating these mechanisms we have analyzed global gene expression

patterns in rat soleus muscles using Affymetrix GeneChips at 1, 4, 7, 14 days of

biomechanical unloading. Temporal analysis of the parallel expression of-8000 gene

products has served as a window into the signaling networks that underlie the atrophy



process.Microarraydataanalysissoftwarehasbeenusedto segregategeneexpression
changesbasedoninvolvementinknownfunctionalgroups,regulatoryandsignaling
pathways.Clusteringalgorithmshavebeenusedto elucidatesetsof co-regulatedgeneswith
similartemporalexpressionpatterns.Wearecurrentlyin theprocessof testingcandidate
genesthatmaybeinvolvedin theprogressionof atrophyusingoverexpressionsystemsin
bothcellcultureandin wholemuscle.

Summary of Significant Accomplishments: Physical inactivity is characterized by

profound skeletal muscle wasting, increased morbidity and compromised quality of life.

We have used Affymetrix GeneChips to analyze the early time course of regulatory gene

expression changes that occur during muscular inactivity. Soleus muscle was isolated

from rat hindlimbs suspended for 1, 4, 7, and 14 days and time matched controls.

Alterations were seen that suggest a decrease in translational activity and an increase in

protein degradation. Novel findings include the activation of two ubiquitin-protein

ligases not previously characterized with atrophy (Nedd4 and Mdm2), tight co-regulation

of proteasome subunits and differential expression of several serine proteases, serine

protease inhibitors and tissue inhibitor of metalloproteinase 1. K-means clustering

revealed distinct relationships and co-regulation between growth, signaling, and

transcription factors as evidenced by different activation times, magnitudes and durations.

Possible relationships were identified among genes related to phosphoinositide signaling,

IGF-I, Jak-Stat, myogenic, notch, TGF-B, and mechanotransduction signaling, as well as

cell cycle regulators. For instance, one cluster included an early and sustained co-

regulation of MyoD, Cited2, Igfbp5, and PI4K. A late but transient upregulated cluster

included p21, Follistatin, Stat5b, c-Jun, and C/EBP delta. Carp, Homer2, and CaMKII,

genes not previously characterized with respect to atrophy, were co-regulated in a cluster

markedly decreasing over the course of unloading.

The present work has uncovered several novel relationships and patterns of differential

gene expression that provide insight into the parallel pathways that regulate skeletal

muscle wasting and suggest new avenues for study. This work is currently being

considered for publication. An avenue that we are currently pursuing is the expression of
NEDD4 in C2C 12 muscle cell line. We have constructed a NEDD4 overexpression clone

in a conditional (tetracycline) expression system that is commercially available. We

obtained a muscle specific transactivator plasmid from Parker Antin (also on the muscle

team). We have optimized all conditions for transient overexpression of NEDD4 to
determine if it is sufficient to induced atrophy in this cell line. We have also confirmed

that NEDD4 is expressed by C2C 12s. The reporter plasmid, which expresses EGFP,

indicates that our transfection efficiency is 15-20% (using effectamine). The level of

inducible expression obtained in the presence of tetracycline (dox) is 20-fold. This latter

result was obtained using the same conditional expression system but with the luciferase

reporter rather than the EGFP reporter in the plasmid. We are currently testing for the

level of NEDD4 expressed in cells that took up plasmid using westerns and

immunocytochemistry..

Key Findings From the Bryant Project.



The overall goal of this project is to produce a muscle cell model (digital muscle cell) that

will: explain biomechanical adaptations that occur with alterations in muscle protein

isoforms due to changes in activity level; predict bioenergetic changes associated with

changes in activity level; be integrated into computational models of human limb and

heart. To accomplish our goal of constructing a digital muscle cell, we will: (1) identify

contractile protein composition of skeletal and cardiac muscles from high- and low-

activity rats; (2)characterize contractile properties (phenotype) of selected muscles

containing unique mixtures of protein isoforms, as identified in Aim 1; and (3) in parallel

with Aims 1 & 2, develop the "digital" cell biomechanical model.

We have made significant progress looking at myosin isoform dependence of ATP

hydrolysis product inhibition of cellular biomechanics. To correctly model the

interaction between cellular energetics and biomechanics (chemo-mechanical

transduction) in muscles with heterogeneous fiber populations we measured the product

inhibition (inorganic phosphate, Pi) of force development in chemically demembranated "

single muscle cells from rat and rabbit muscle. Increased cellular levels of Pi are

implicated as a mechanism of fatigue in both high intensity and chronic exercise. The

relationship between [Pi] and maximum force production was determined in muscle
fibers from five different muscles of rat: adductor mangus, gracilis, TFL, psoas and

soleus muscles. We also measured this relationship in rabbit psoas and soleus muscle

fibers to investigate possible species differences in muscle fiber chemo-mechanical

properties. Muscle fiber myosin isoform was determined by gel analysis Results from
these studies indicate differences in the Pi-sensitivity of force between different muscle

types and between similar muscles of different species. The data were modeled with a
kinetic model of chemo-mechanical transduction for muscle acto-myosin crossbridges

that is based on mass action principles. This model could successfully predict the Pi-

force relationships for all the muscle fiber types used in experiments. Importantly, the

predictions of the model were sensitive enough to determine the affects of accumulating

Pi at the levels likely to be seen during fatiguing exercise. This supports the utility of this

model as a valid component of the digital cell in predicting functional alterations that

occur with alterations in muscle use.

Publication:

An abstract has been submitted based on this work (Fredlund, Regnier and Chase, 2003,

Biophys. J. 84: In press).

Key Findings From the Reid Team.

Description: This project is testing reactive oxygen species as mediators of muscle

wasting, weakness, and fatigue in microgravity and is evaluating antioxidants as putative

countermeasures.

Progress: In studies of cellular mechanism, we have demonstrated that 1.) gravitational

unloading by hindlimb suspension increases oxidant activity within skeletal muscle fibers

and 2.) reactive oxygen species activate nuclear factor-_:B (NF-_B), a transcription factor
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knownto mediatemusclecatabolism.3.)Wehaveestablishedthatoxidativestress
increasesubiquitin conjugatingactivity inmuscle,anessentialstepin proteinbreakdown.
4.) We alsohaveidentifiedanovelregulatoryproteinthat is upregulatedby NF-rd3. This

protein, UbcH2, is a ubiquitin conjugating enzyme that is highly expressed in striated

muscle and responds to catabolic stimuli, mediating the rise in ubiquitin conjugation that

follows.

Operational Relevance: 1.) In evaluating countermeasure strategies, we have

demonstrated that NF-_cB signaling in skeletal muscle can be inhibited by bouts of muscle

contraction, a response demonstrated in humans and in excised rodent muscle. This

represents a novel mechanism by which exercise may inhibit disuse atrophy. 2.) We have

also established that the dietary supplement curcumin inhibits NF-r33 signaling in skeletal

muscle. However, in these animal studies, curcumin did not inhibit atrophy of antigravity

muscles caused by unloading. 3.)In a separate study, dietary supplementation with the

antioxidant allopurinol was found to partially inhibit contractile dysfunction induced by

unloading, blunting the overall decrement in soleus force; this was not associated with

less atrophy; rather, force-per-area was protected by allopurinol. 4.) The antioxidant N-

acetylcysteine (NAC), a reduced thiol donor, was not found to alter the response of

murine soleus to prolonged unloading: atrophy and weakness were unaffected by NAC.

5.) However, NAC has been shown inhibit acute muscle fatigue in a variety of

conditions. We currently are conducting studies of NAC effects on handgrip fatigue in

human volunteers, assessing this compound as a potential oral countermeasure for use in
EVA.

Key Findings From the Hamilton Team.:

This goal of this project is to identify candidate genes and clusters of related genes that

are differentially expressed during unloading of skeletal muscle, and the impact of

exercise as a countermeasure on the global gene expression pattern. This potentially has

impact in providing basic insights for other microgravity researchers to base novel

hypotheses and interpret their work in the context of global genomic influences of

simulated microgravity and exercise. This may also have high impact in understanding

the genomic influences responsible for the common and unhealthy responses to reduced

muscle use during physical inactivity on earth.

The team has been focusing on analysis of gene expression in human muscle biopsies and

comparative studies in rodents using microarrays. Recent revolutionary scientific

advances have lead to our ability to examine almost the entire genome (-495,000 probes

for -35,000 genes). We have recently completed the first year of this project. Our

laboratory has been utilizing a series of experimental designs and different bioinformatics

approaches to determine the changes in gene expression involved in unloading (simulated

microgravity) and exercise. A translational approach of complementary and comparative

studies in humans and rodents is being performed to help point ourselves and other

researchers towards the most robust and promising novel genes that cause deleterious

muscle alterations during microgravity in space or physical inactivity on earth. A major

goal of this work is to identify novel candidate genes implicated in the induction of the

responses to simulated microgravity and activity-dependent countermeasures. In doing
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so,wehavesoughtto determinetherelativesensitivityof the key genes that are

responsive to the loading/activity status. We aim to have established the relative degree

of robustness for these responses (e.g. high level of responsiveness to short-term periods

of inactivity/activity, reproducible with large sample size, statistical significance,

generalized differential expression patterns in both human and rat skeletal muscle types,

confirmation with alternative methodologies).

One major recent advancement has been our ability to develop objective analytical

criteria for establishing the differential expression of microgravity responsive genes.

Results reveal that there is indeed a small set of transcripts (< 0.03% of the genome) that

are significantly impacted before the muscle is largely remodeled or atrophied, increasing

the likelihood that these gene expression changes have a causal role in the initiation of

adaptive responses to unloading rather than only secondary responses following the

remodeled and atrophied tissue. Importantly, many of the identified genes have never

been studiedbefore in the context of muscle physiology but have been documented as

master regulators of the phenotype in non-muscle tissues. Some of these are associated

with the regulation of transcription, protein turnover, cell signaling, cellular transport,

and lipid or glucose metabolism. These studies seeking discoveries at the global genomic

level in concert with colleagues investigating different aspects of muscle plasticity are

expected to lead to novel and systematic approaches of preventing the negative cascade

of muscular responses caused by unloading.

Key Findings From the Wiseman Team.

In the Past Year (Year 01) our research goals were two-fold: First, to understand the role

of ATP homeostasis in altering calcium handling properties of muscle cells, and

secondly, to evaluate the transcriptional responses to the resulting calcium signaling

patterns. In the first year, we have successfully identified and characterized an

energetically challenged model to being testing our hypotheses. The progress in defining

the energetics is described briefly in the following paragraphs. Calcium measurements

are currently ongoing in both wild type and our model and will be completed before

subsequent goals relating these changes to transcription factor responses can begin.

We explored the energetics of a known genetic defect in ATP handling, a transgenic

mouse deficient in creatine kinase, a promising way to perturb the early events of calcium

and ATP homeostasis. This enzyme is important in initial events of nucleotide handling

(ADP buffering) and also potentially in calcium handling because the kinetics of

sarcoplasmic reticular ATPase activity (calcium pumping) depends critically on adenine
nucleotides. The results show that while there was no difference in resting PCr/ATP ratio

in control vs. MMKO muscles the relative PCr changes after 2 s bursts of contractions at

5 Hz is quite dramatic (Figure 1) where the initial rate of PCr hydrolysis was decreased

by over 75% in MMKO vs. control muscles. Concurrently peak twitch force after 2 s of
5 Hz stimulation was 95.6+1.6 % of initial in control muscles vs. 70.9+1.9 %o in MMKO

muscles thereafter the steady state approached a similar level (Fig. 2). The increase in

estimated ADP associated with this deficit may explain the rapid decrease in twitch force

observed at the onset of stimulation in MMKO muscle. This dramatic increase in ADP
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might alter calcium sequestrationand/or release,thereby accounting for the rapid,
compensatingdecreasein twitch force in MMKO muscles. In ongoingexperimentswe
are investigatingthe changesin calcium homeostasisin fast-twitch, slow-twitch and
mixed fiber phenotypes.Further,we havealsocommencedwork onour secondgoal,to
understandhow musclestranscriptionallyrespondto thesephysiologicchallenges.
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Figure 1. NMR spectroscopic detection ofphosphocreatine kinetics in control (open

circles) and MMCK KO (closed circles) mouse hindlimb. Note the rapid energetics

buffering (rapid PCr hydrolysis) in control animals relative to the MMCK KO muscle
cells.

Control Mouse Hindlimb Force Production

MM CK KO Mouse Hindlimb Force Production

Figure 2" Mechanical performance of control (upper trace) and creatine kinase knockout

(lower trace) mouse hindlimb exposed to brief energetic challenges using bursts of 5 Hz

stimulation. Note the rapid loss of function in the energetically ohallenged (MMCK KO)

animals.
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I. ABSTRACT

The NSBRI Neurobehavioral and Psychosocial Factors Team encompasses the Critical Path

Roadmap scientific questions from two of the four areas subsumed under Behavior and Human

Performance: (1) Human performance failure because of poor psychosocial adaptation (area 18),

and Human performance failure because of neurobehavioral dysfunction (area 21). The Team is

charged with conducting research on the development of countermeasures that will ensure that
astronaut behavioral health is maintained during prolonged space missions, and that both

individual astronaut and crew functioning are effectively optimized. The eight ground-based

projects making up the current Team have been underway an average of 19 months. The studies

are divided equally between psychosocial and neurobehavioral scientific questions. They cover a

considerable breadth of scientific techniques--projects range from studies of humans living in an

analog environment to neurobiological studies of rodents performing under conditions of stress.

This breadth notwithstanding, the overarching focus of all eight projects is on the impact of

stress--individual and interpersonal---on behavioral functions. Collectively, the projects seek to

identify (1) the causes of stress, and its consequences for astronaut cognitive, affective and social

functioning; (2) techniques to objectively detect stress reactions and performance deficits in

individuals and groups in the remoteness of space; and (3) countermeasures to prevent and

otherwise mitigate the occurrence of stress reactions and their adverse effects on individual and

crew performance. During the past year all projects have progressed to the stage of data

acquisition and hypothesis testing. Project 1 (Wood et al.) is studying the role of personality,

culture, and group characteristics on both individual and group performance in Antarctica. One

important early finding is that female station leaders perceive significantly less social support

from fellow expeditioners than do males and female subordinates, or male station leaders, which

suggests a need to find flexible approaches to providing support from outside the crew. Projects

2 (Brady et al.) and 3 (Orasanu et al.) have completed development and implementation of their
simulated task environments, which are being used to evaluate the factors that promote and

degrade distributed team communication and problem solving. Project 4 (Carter et al.) has

completed consultation interviews with 11 astronauts who have long-duration space flight

experience and numerous ground control personnel, to develop the content needed for a

prototypical smart medical system for psychosocial and neurobehavioral support in space flight.

Project 5 (Dinges et al.) has completed development of a technique for robust 3-dimensional

(3D) tracking of facial expression for the detection of behavioral stress. Project 6 (Lieberman et

al.) has also made significant progress in developing and validating a speech-based computer

algorithm for detecting cognitive impairment and emotional changes associated with hypoxia

and stress in Everest climbers. Project 7 (Kosslyn et al.) has completed development of a set of

brief cognitive performance tasks on a hand-held device that can be used to quickly assess

cognitive capability in remote locations. Project 8 (Aston-Jones et al.) has established that

performance on a target detection task varies markedly under different stress loads, implicating

the noradrengeric locus coeruleus in maintenance of stable vigilance performance (and its

vulnerability to stress effects), and suggesting that the central noradrenergic system may be a

valid target for the development of pharmacological countermeasures to the neurobehavioral

effects of stressors. It is anticipated that all projects will complete hypothesis testing during their

third year of support.
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II. INTRODUCTION

As currently configured, the Neurobehavioral and Psychosocial Factors Team is primarily

focused on reducing the risks of human performance failure due to poor psychosocial adaptation

(Goal 1) or neurobehavioral dysfunction (Goal 2). Specifically, the Team seeks to counter the

development of psychosocial risks (Goal 1) manifested through inadequate leadership;

interpersonal strife or social alienation (e.g., due to gender, culture or status differences); poor

group teamwork; lack of crew coordination in problem solving; ineffective communications

within the team or with ground controllers; and loss of crew morale. In a parallel manner, other

projects on the Team seek to counter risks to neurobehavioral health (Goal 2) manifested through

stress reactions; anxiety; depression; loneliness; anger; and neurocognitive impairments. Unlike

some areas of NSBRI research, where there is a single source for the biomedical problem (e.g.,

microgravity effects on muscle or bone), there are a considerable number of factors in prolonged

space flight that could create or contribute to neurobehavioral and psychosocial dysfunctions

(e.g., excessively scheduled activities and work requirements, poor physiological adaptation to

microgravity; interpersonal strife; perceived risks to health; loneliness for family; inadequate

communication with Earth; habitability constraints; radiation). Consequently, the

countermeasures being developed through the research by the Neurobehavioral and Psychosocial

Factors Team necessarily must cover an array of issues and approaches. The following are the

various categories in which countermeasure development is anticipated from the research on the

Team.

1---Selection criteria for optimal crew cohesion, including culture and gender diversity

2--Training for group living; training for flight and ground crew optimal relations

3--Guidelines to optimize communication for crew decisions and problem solving

4---Technologies for monitoring and early diagnosis of cognitive problems, emotional

disturbances, and psychosocial dysfunction

5--Behavioral treatments for stress; affective disorders; and for resolving team conflicts

6--Pharmacological treatments for stress; affective disorders and serious neuropsychiatric

and neurological reactions

7--Habitability strategies for privacy; and work strategies for motivation and performance

8--Support for relaxation and leisure activity for enhancing quality of life

9--Support for assimilating crews psychosocially and neurobehaviorally after return

10---Novel countermeasure opportunities identified by NASA and through new scientific efforts

11--Development of a database on the neurobehavioral and psychosocial effects of

countermeasures for other biomedical problems in space flight

III. RESEARCH PROGRAM STRUCTURE AND DESIGN

The problems addressed in the Neurobehavioral and Psychosocial Factors research area

generally focus on developing countermeasures for severe stress reactions, depression, cognitive

dysfunction, and conflict resolution during long-duration space travel. The initial strategic

research agenda for the Team involves eight ground-based studies and two as yet unfunded flight



experiments(underconsiderationat JSC)thatcollectivelyaddressfour thematicallyinterrelated
questions:Whataretheeffectsof culture,personality,andleadershiponperformance,stress,and
healthin isolatedgroups?Whatarethemajorinfluenceson interpersonalactions,
communications,andproblemsolvingin smallgroups?How canaffective,neurobehavioraland
neurocognitivedysfunctionbeobjectivelydetectedin remotelocations?Whatneurobiological
processesof stressandarousalaretheoptimal targetsfor behavioralandpharmacological
interventions?Six inter-relatedthemesdefinetherangeof factorscritical for improvingcrew
healthandsafetyandfor optimizingperformancecapability:(1) Biologicalmechanismsof
neurobehavioraldysfunction;(2)Motivation,cognitionandperformance;(3) Individual factors
in selection,training,performance;(4) Pharmacologyin space;(5) Team and interpersonal

optimization; and (6) Organizational, cultural and management factors.

The figure below illustrates the Neurobehavioral and Psychosocial Factors Team major research

themes and anticipated countermeasure types of the current projects, as well as the projects

relevant to each theme. Together the projects address critical complementary components to the

maintenance of behavioral and psychosocial health and capability during long duration missions.

Pharmacologic_d ] Behavioral

countermeasures to I countel'mea._u'es to
prevenit nem'obeha'doral ] pi'evell! nem'obeha,_im'al

debilitation _ debilitation
Project 8. aston-Jones et al. I_ /¢ [ Project 4. Carter et al.

I I Proiec,7Kosslv otal

Unob_ _nli real helmvl oral_ Comlmter-based Sln;U'l
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|Tl::lu;;gdou_:t;lt'm_:_" Identtfi!ationof - Tedut;?l_izeeSIo

pel'forlnallce in low ,-laid
personal factm's

hi_! stress periods

Project I. Wood et al.
Project 2. Brady el al.

Project 3: Oransanu et al.

important fon' leadership

and gl'oup cohesion

Project 1. Wood et al.
Project 2. Brady et al.

Project 3. Orasanu et al.

conuntmication for

perfon'maltce
effectiveness

Project 2. Brady et al.
Proiect 3. Orasanu et al.

The eight ground-based projects making up the Neurobehavioral and Psychosocial Factors Team

have been underway an average of 19 months. The projects are described below relative to their

respective themes, progress to date and implications. Projects 1 through 4 deal primarily with

research questions on "Human performance failure because of poor psychosocial adaptation,"

which is area 18 from the Critical Path Roadmap. Projects 5 through 8 are concerned primarily

with "Human performance failure because of neurobehavioral dysfunction," which is area 21

from the Critical Path Roadmap.
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IV. RESEARCH PROGRAM ACCOMPLISHMENTS

For the most part, the projects on the Neurobehavioral and Psychosocial Factors Team have

completed the needed technical and preliminary feasibility work for a new area, and are now

making progress on data acquisition. As a result, there are still relatively few published findings.

Progress on each project during the past year is described below.

Project 1. Wood_ J, Helmreich, R., Lul/l_, D.: Individuals and Cultures in Social Isolation.

This project focuses on psychosocial critical path questions. The goal is to increase

understanding of the effects of personality, culture, and group characteristics on both individual

and group performance in an extreme environment (Antarctica) that parallels many of the

conditions likely to occur in long-duration space missions.

Progress: Investigators have nearly completed the second year of the planned two years of data

collection. Blood samples to be analyzed for seven neuropeptides will be returned to the U. S.

during the austral summer. Preliminary analysis of data from the Helmreich PCI (a personality

scale that measures instrumentality, expressivity, and seven other subscales) comparing them to

expeditioners from Britain and Norway found that the 3 Antarctic samples were similar to each

other on the traits measured by the PCI, despite the fact they are all from different countries. They
also scored lower on traits that are generally believed to be undesirable for confined living when

compared to students from the U.S. and Norway. Whether these results are due to self-selection (only

people with certain traits volunteer) or screening (only people with certain traits are accepted)

remains an open issue. These data also support previous research that suggests selection criteria

based on scores from the PCI are not likely to favor or disfavor candidates from specific nations.

Comparisons of PCI scores with data from the 16PF (another personality scale used to screen

potential expeditioners) revealed little overlap, which suggests that the PCI taps different
characteristics than does the 16PF.

Data from the first year's administration of the weekly psychological questionnaire have been

combined with similar data from previous studies in order to examine group effects and

individual differences on several outcome measures. One important finding is that female station

leaders perceive significantly less social support from fellow expeditioners than do female
subordinates, male subordinates, or male station leaders. In a similar vein, we are developing a

multi-level model of interpersonal tensions that includes individual personality traits and station

leadership as predictors.

Implications: Although all results are preliminary, these findings have implications for selection

and support of crewmembers for long-duration space flight. The PCI may provide valuable

information to augment selection and assignment of crews. The findings on social support

suggest a need to find flexible approaches to providing support from outside the crew and,

perhaps, for additional training for all crewmembers. Findings on interpersonal tensions

highlight the multi-causality of most social problems. In addition to their relevance to long-

duration space missions, these findings are important for any organization sponsoring the

activities of small groups in extreme environments.

Proiect 2. Brady_ J. et al.: Psychosocial Performance Factors in Space Dwelling Groups.

This project focuses on psychosocial critical path questions. The goal is to determine the effects
of variations in the structure and function of communication channels within and between
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simulated space-dwelling and Earth-based groups. It addresses the effects on psychosocial

performance effectiveness of (1) stressful environmental and behavioral interactions; (2)

variations in the appetitive and aversive characteristics of incentive control systems; and (3)

selection, training and experience. The research methodology involves development of a

distributed interactive multi-person simulation in computer-generated environments as an

experimental test bed for modeling psychosocial performances within and between space-

dwelling and Earth-based groups. The simulated task environment (STE) provides an automated

means of setting the context for the analysis of performance in space-dwelling groups and

monitoring the effects of varying experimental conditions on psychosocial interactions.

Prolzress: The major accomplishments of the project during the past 12 months have included

the construction and activation of a dedicated Space Research Laboratory at the Institutes for

Behavior Resources as well as the completion and operational testing of the distributed

interactive simulation software and hardware systems to study disbursed groups in simulated

space environments. It has been the initial objective of this research initiative to provide an STE

experimental test bed for modeling the effects of variations in the structure and function of

communication channels within and between space flight units and mission operations control

centers using the computer-generated simulation methodology as an automated means of

electronically monitoring and measuring performance effectiveness.

During the past 12 months professional and technical support staff have been recruited and

trained for computer system maintenance as well as screening and assessment of research

volunteer participants and the conduct of experimental test sessions. Preliminary testing of the
distributed interactive simulation methods and procedures has also been completed to calibrate

scenario difficulty, troubleshoot instructions, and refine task effectiveness measures. Recruitment

of 3-person simulated spaceflight volunteer experimental crews has also been undertaken during

the past several months with the successful result of having thus far enrolled four groups who

have agreed to join our 'simulated astronaut corps' with the understanding that they will

participate in recurrently scheduled 'flights' and 'missions' over the coming months.

The most salient progress to be reported is the launching of an experimental series of simulated

space 'flights' and 'missions' with three different groups of volunteer 'astronauts" over the past
several weeks. Each member of the 3-person crews was located at a workstation isolated both

physically and acoustically from the others and from a remotely located monitoring center. A

computer at each station controlled the simulated performance task and the communication

network. The STE performance task scenario for the initial studies focused upon a 3-crew

planetary exploration with the primary mission of geologic specimen collection and analysis.

The three separate duty stations represented crew positions located in a Rover (sample

collection), Lander (sample storage), and Orbiter (sample analysis). The communication network

permitted crewmembers to interact via text messages, drawings on a shared 'white board', video
of each other, and audio vocal exchanges. Performance effectiveness, based on the crews'

collection and analysis of graded value geologic samples varying in density, shape, size, etc. was

dependent upon inter-crew communication to solve problems regarding the relationship between

relevant sample characteristics and the range of geologic sample grade values.

Implications: The results of these initial studies show that cooperative and productive

interactions can be maintained between individually isolated and dispersed members of

simulated spaceflight crews communicating and problem solving effectively over extended time



intervals.Therewasahigh degreeof interchangeabilitybetweenaudio vocal, text messages, and

white board modalities suggesting that extended distributed interactive simulation studies might

usefully focus upon the development and testing of potential countermeasures to the performance

impairing effects of communication system constraints and failures.

Proiect 3. Orasanu, J. et al: Distributed Team Decision Making in Exploration Missions.

This project focuses on psychosocial critical path questions. The goal is to examine how team
structure and communication medium affect the nature and quality of small team interaction,

distributed decision making strategies, and problem solving under a variety of stressful

conditions (i.e., time pressure, risk level, information accuracy/completeness). In addition,

autonomic nervous system markers are assessed, and the Specific Affect Coding System

technology is used for detecting when crew interactions and decision-making are degrading.

Progress: A new laboratory was established to conduct the research. Four individual computer

workstations plus a master control station were connected through a local area network to

support team collaboration during a simulated search and rescue task (STE). Physiological

monitoring devices (Biologs developed by UFI) available at NASA Ames Research Center have

been adapted for use in the experiments. A video camera is installed in each work area to record

facial affect while participants engage in the task. Communication switching devices are

available to each player for channeling messages to selected recipients. Dependent measures

from various sources (i.e., physiological monitors, video-facial affect) will be time-stamped and

coordinated to facilitate analysis.

A preliminary study of seven candidate physiological measurements was done to determine
which of them were most sensitive to low levels of emotional and mental stress and thus best

suited for early detection of stress. We sought to reduce the number of measurements from seven

to four in order to minimize subject burden. Another concern was whether physiological

measurements taken at alternate locations on the body would provide meaningful data while

allowing maximum movement and comfort. Various evaluations resulted in the following

measures being chosen for use: ECG (R-R interval, heart rate); EMG (frequency power spectra

and the amplitude within the band width of 10-25 Hz); respiration (frequency and amplitude),

and skin conductance levels (SCL).

Materials have been developed for use in our study of team interactions during computer-based

problem solving. A search and rescue problem set in Antarctica requires four players to develop

plans, manage resources, and collaborate in order to find a lost party and accomplish other tasks

under complex time-constrained conditions. Four versions of three scenarios have been

developed, along with training materials. Two versions of each scenario induce cooperation

between team members and will vary in task difficulty (moderate and high). The other two

versions induce team conflict (again, one of moderate and the other of high task difficulty). Pilot

data are currently being collected on each version.

Implications: Findings on the effects of stressors on team performance in a dynamic challenging
task will extend the research base to include problem solving, communication, and cooperation

behaviors. The combination of selected physiological measures and facial affect measurements

may yield a powerful instrument for assessing low levels of mental and emotional stress. If

successful, this tool could lead to early introduction of countermeasures, thus preventing

development of high levels of stress and deterioration of space crew performance. Positive
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stress-copingbehaviorswill beextractedfrom thefindingsandwill serveasabasisfor
developinginteractionalandstrategicbehaviorsfor managingchallengingteamtasksand
interpersonalinteractions.Findingsdevelopedin the laboratorywill beextendedto non-
laboratoryenvironments,suchassimulationsof long-durationmissionsinvolvingmulti-cultural
crews(e.g.,NASDA or ESA studies).A long-rangegoalis to adaptthetools for useby flight
crewsasself-monitoringandmanagementsystems.

Proiect 4. Carter_ J. et al.: Designing a Smart Medical System for Psychosoeial Support.

This project focuses on psychosocial and neurobehavioral critical path questions. The goal is to

develop a prototypical smart medical system for psychosocial and neurobehavioral support in

space flight. The computer-based system will include the systems infrastructure and basic

functions of three modules--self-diagnosis of psychological problems, treatment of depression,

and conflict management. The prototype will apply IML's Virtual Practicum model, creating an

immersive, welcoming environment in which to seek assistance for psychosocial problems. The

computer-based system will address neurobehavioral issues, including the assessment of affect.

and suggested interventions, and provide a training module on interpersonal conflict resolution.

The system will be developed and evaluated with experienced users and content experts. If it

proves effective, the prototype could be expanded to include additional modules for diagnosis,

treatment, patient management, and prevention of any possible psychosocial problems that might

arise on space missions.

Prol_ress. Since this project involves interviewing current NASA personnel (astronauts and other

operations), it was necessary to secure NASA-JSC CPHS/IRB approval. This was accomplished
with some revisions of methods and aims being made in order to accommodate NASA's

requirements. In particular the IRB required that the background interview be refocused on

consultation about hypothetical problem scenarios instead of asking about actual psychosocial

problems that have occurred during space flights. This change will not threaten the original

specific aims of the project, and in fact may strengthen the results to the extent that this approach

will yield new information on how skillful veteran long duration astronauts would handle various

situations relative to novice astronauts.

During the past year, consultation interviews were conducted with two International Space

Station flyers, five American Mir flyers, and four Skylab flyers (anticipating at least two

additional interviews), plus consultation interviews with long-duration ground crew staff (one

flight surgeon and most of the JSC psychosocial support staff). Each interview involved

presenting five scenarios to each astronaut dealing with the following topics: Depression; a

conflict among space crewmembers; or a conflict between space flight crew and ground crew.

Each interview inquired as to what. an experienced veteran would do in the situation and what

common pitfalls could occur. Astronauts were also asked what other situations would be

important for including in training scenarios. These data are being compiled and analyzed.

Strategies for empirically evaluating the completed versions of the depression management and

conflict management programs are also being developed in collaboration with two other NSBRI

PI's and building on their NSBRI-supported work. Development of all multimedia program

designs, content documents, scripts and interactive logic is also underway. These documents

relate to both the prototype (which is the scope of the present project) and future completion of

the depression and conflict management programs, as well as the overall architecture of the

10



PsychosocialSupportSystem.If year03 fundingbecomesavailable,theseplanswill facilitate

completion of these programs (although they will also be modified based on evaluation data).

Implications: The interviews conducted with long-duration astronauts provide insights that
would otherwise be unavailable to the research team regarding ways of managing psychosocial

problems in space flight. They enable the development of more realistic training simulations via

incorporation of the responses of experienced veteran astronauts. They also will provide the basis

for cataloging best practices for managing psychosocial problems on long-duration space flights

from the perspective of astronauts with long-duration flight experience. A secondary benefit of

these interviews is to introduce the project to the astronaut community, obtain support, and

develop relationships with the astronauts--crucial to the countermeasure's successful completion

and implementation. All interviewees have indicated that a smart medical system for

psychosocial and neurobehavioral support would be valuable for long-duration space flights.

Project 5. Dinlles, D. et al.: Optical Computer Recognition of Behavioral Stress.

This project focuses on neurobehavioral critical path questions. The goal is to determine whether

a state-of-the-art optical computer recognition algorithm based on facial expression can be

developed that will objectively discriminate when subjects are undergoing behavioral stressors

and negative affect. It also evaluates the effects of behavioral stressors on physiological

responses (cortisol and heart rate variability), on psychological responses (subjective ratings),

and on performance responses, and explores the magnitude of stress responses relative to the

accuracy of the optically based computer recognition algorithm of the face, sex, age and

ethnicity.

Prot_ress: Significant advances in programming and enhancement of the capabilities of the

computer recognition algorithm were completed during the past year, to develop a technique for

robust 3-dimensional (3D) tracking of facial expression. Put simply, the new technique,

developed by Dr. Metaxas and colleagues, allows the translation of 2D video footage to a form

that can be used for tracking the 3D orientation and translation of the face, as well as parameters

that describe the movement of eyebrows, mouth, etc. This third generation computer optical

mask handles facial and head motion extremely well and provides high spatial resolution around

the facial areas where affective expression are most thoroughly communicated.

The paradigms being used to induce low and high behavioral stress have also been markedly

refined based on previous repeated work. Preliminary studies revealed that stress induction is

best done by a combination of varying performance demands (e.g., high behavioral stress is

induced via high workload, task difficulty, time pressure), and by providing subjects with overly

positive or negative feedback regarding their performance on the neurobehavioral tasks during

the protocol. The latter is done by performance ratings from the experimenter during testing, and

on-screen feedback at the end of each performance testing session. In the high behavioral stress

condition, subjects are informed on screen and verbally through the intercom that they are not

performing as well as most people do on the tasks and should try harder (this information is

given not matter how well they perform--a condition approved by the Human Subjects IRB).

Data acquisition has been underway for the experiment. It is anticipated that it will be completed

on a total of 60 healthy adults (male and female; 22-45 years; ethnic diversity) midway through

year 03.

II



Implications: If optical computer recognition of behaviorally induced stress (with its subjective

and physiological concomitants) can be demonstrated to work, then we will have an unobtrusive

technique for monitoring stress levels onboard long-duration space craft. Two additional
obstacles will need to be overcome to make this feasible in space. The first concerns the edema

of the face due to fluid shifts in microgravity, and the second concerns the belief that astronauts

are alexithymic (i.e., don't show affect in the face). The former concern will be addressed

experimentally in a future study using head down tilt to simulate fluid shifts, while the latter will

be addressed experimentally by relating the validity and reliability of optical computer

recognition algorithms to alexithymia as measured by a subjective scale being used in the current

study.

Pro[ect 6. Lieberman_ P. et al.: Speech Monitoring, Cognitive and Personality Alterations.

This project focuses on neurobehavioral critical path questions. The goal is to develop a system

that will detect cognitive deficits, changes in personality and emotional disturbances by means of

acoustic measures of speech. The project utilizes data from studies of speech and behavior of

individuals in a space analog environment (Mt. Everest climbers) as well as patients suffering

neurodegenerative diseases (Parkinson patients), to develop and verify techniques for analysis of

conversational speech for detection of cognitive changes.

Prot_ress: A procedure has been developed to remotely detect impaired decision-making and

linguistic ability by means of computer-implemented acoustic analysis of a person's speech. In

the past year the approach to acoustic speech measures of cognitive dysfunction has been

refined, and the most critical application of this technique-detecting impaired, life-threatening,

decision-making ability--has been validated.

The primary space analogue used in this study is evaluation of the speech of climbers ascending

Mount Everest, where oxygen deficits adversely affect these neural circuits regulating motor

control and others involved in cognition, language and personality changes. Everest climbers are

also performing in the presence of life-threatening situations and stress. In the past 12 months we

studied 17 climbers ascending Everest. Speech samples were obtained, and cognitive and

sentence comprehension tests were administered at Base Camp (5,300 m), and by radio links to

Camp 2 (6,500 m) and to Camp 3 (7,200 m). Pulse oximeter data also were obtained.

Validation of the impairment-detection methodology occurred when an profoundly unfortunate

incident took place beyond our control. One subject, whose cognitive behavior was unimpaired

at Base Camp on everest, showed extreme speech and cognitive deficits two days later at Camp

2. His deficits resembled those of subjects previously tested in laboratory conditions, who had

profound damage to the basal ganglia structures of the brain that regulate both motor control and

cognition. He was advised of his performance, but insisted that he was fine, an apparent

concomitant effect of neural impairment. Weather deteriorated and his teammates descended,

advising him to descend. He instead perseverated--a known consequence of basal ganglia

dysfunction. He followed his original plan and ascended to Camp 3 where he developed acute

mountain sickness. On the following day, he attempted to descend but failed to clip his safety

harness to the fixed ropes, falling to his death. (Failure to properly anchor tethers apparently has

been a problem on Space Shuttle missions.) Other climbers involved in that episode showed no

or only moderate speech motor and cognitive deficits.
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Implications: It is anticipated that in long-duration space flight, exposure to cosmic rays may

damage the neural circuits that are involved in the speech changes observed with altitude

hypoxia. Eye-tracking techniques have also been used during the past year with Parkinson

Disease patients to refine measures of language comprehension. The techniques that being

developed have found application by the National Transportation Safety Board (NTSB) in

investigations of fatal air crashes where hypoxia is a possibility. These procedures also are useful

in the evaluation and treatment of Parkinson's and other neurodegenerative diseases and show

promise for the diagnosis and treatment of schizophrenia, which appears to involve similar

neural circuitry.

Project 7. Kosslyn, S._ et al.: Quick Assessment of Basic Cognitive Functions.

This project focuses on neurobehavioral critical path questions. The goal is to develop a set of

brief performance tasks on a hand-held device that will be computerized versions of 11 standard

tasks from cognitive psychology, which tap the range of basic cognitive abilities. The

performance tasks being developed will be very short versions or variants of tasks that will

capture the processing differences indicated by scores on the standard tasks and be designed to
be self-administered.

Proeress: The first year of the project (the period covered by this report) focused on developing

the Palm Pilot application, dubbed MiniCog, and in the scripting of a number of short cognitive

tasks to be administered by this program. Bay Area Software was commissioned to write the

code for both the handheld application and a desktop scripting interface. Bay Area Software is

run by Sam Kho, who was the chief programmer for the M100 series of Palm Pilots, and his

associate, Jolly Chen, also a programmer for Palm, Inc.

Tasks were scripted using an off-the-shelf HMTL editor, and then converted to a Palm OS

compatible format using an interface provided by Bay Area Software. MiniCog is designed to

read task scripts, present stimuli for specific amounts of time, and record responses and response

times, along with a time-and-date stamp and basic user info (ID, date of birth, sex, and

handedness). When a task is complete, users are prompted to enter a password to see a display of

their current score (as a function of response time, error rate, or variance, compared to norms).

All data are stored for later upload to a desktop computer where more detailed analyses can be

performed. The tasks differ only in the instructions (which are presented in initial screens),

stimuli, and the number of response keys used.

Based on the literature in cognitive psychology and cognitive neuroscience, the initial tasks

selected tap key features of information processing. The specific tasks implemented assess motor

control, attention (vigilance, divided attention, and filtering), spatial relations encoding

(categorical and coordinate), working memory (verbal and spatial), and problem solving (verbal

and spatial). MiniCog is flexible, allowing one to program new tasks quickly and easily as the

need arises (e.g., to test a specific aspect of functioning that is needed for a particular real-world

application). However, the current version has the following limitations: 1) Only visual stimuli

can be presented; 2) the stimuli are presented either in a random order or in a fixed order

(adaptive testing is not possible); 3) the responses are limited to key presses (up to 6 keys can be

used).
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DataacquisitionisunderwaycomparingtheMiniCogtaskperformanceto thelongerversionsof

the tasks, and developing normative data on the MiniCog battery of tasks under both standard

laboratory conditions, and under experimental conditions (e.g., stress, sleep-deprivation).

Implications: With the development of the MiniCog platform, other researchers can use the

battery to develop their own portable psychological tasks. Both the MiniCog application and the

current set of tasks have an advantage over many typical psychological scripting programs and

standard tests that they are brief and the method of administration is extremely compact,

portable, and inexpensive. This could make the MiniCog practical in a wide range of settings

where there are questions ofneurocognitive capability.

Project 8. Aston-Jones, G., et al.: Stress, Performance and Locus Coeruleus.

This project is currently the sole basic neuroscience research (i.e., using non-human species) on

the Team. It focuses on neurobehavioral critical path questions. The goal is to analyze locus

coeruleus (LC) activity during a continuous performance task, to determine the effects of acute

and repeated stress on changes in LC function and performance, and identify pharmacological

countermeasures to mitigate stress effects on LC activity and attentional function.

Prollress: In the last year a target detection continuous performance task was developed that

rats can learn rapidly. This task mimics many of the attributes of the target detection task used in

previous studies in monkeys in which LC activity appears to play a major role in performance.

Rats initiate each trial by pressing one lever, and then must discriminate between two signal

lights to determine if the one illuminated is a target or non-target. If the target signal light is

illuminated the rat must press a second lever to obtain food reward. If the non-target is

illuminated he must withhold responding with no reward and await the next trial. Targets occur

randomly on 20% of the trials. This task is the means by which performance abilities and

changes are measured in the experiments being performed on stress induction and pharmacologic

treatments.

This past year performance on the target detection continuous performance task date was tested

under various stressors conditions including acute noise, social deprivation, restraint and restraint

coupled with noise. Rats quickly habituate to all but the double stressors (restraint + noise),

which yielded promising stress effects on performance. Astronauts are exposed to these stresses

in any space mission. Results indicate that double stress during task performance increased (up

to 40%) responding to the non-target stimulus (false alarm (FA) error) in this task. The alpha2

adrenoceptor agonist clonidine (which decreases LC-NE transmission) at a very low dose of 1.0

p,g/kg reduced the FA error rate seen with the double stress. Higher doses of clonidine (8.0 and

25.0 I-tg/kg) produced sedation. More study is required to confirm these findings, but they

support the hypothesis that an optimum level of noradrenergic tone is necessary for optimal

performance on a sustained attention task. Ifnoradrenergic levels become too high because of

stress or too low (in the case of high dose of clonidine), then performance declines.

Implications: The present findings are preliminary. Nonetheless, they are promising for the

development of countermeasures to stress effects on performance. Specifically, the task being

used may serve as a relatively high throughput behavioral assay for testing effects of different

pharmacological agents on stress-induced performance impairments in a simple animal model. In

addition, the results with clonidine indicate that the central noradrenergic system may be a valid
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targetfor thedevelopmentof countermeasures.Thesefindingsareconsistentwith the initial
hypothesisof this project that over-activity of the LC system could underlie at least some effects

of stress on performance. This calls for additional work with these and other noradrenergic

agents (e.g., beta-receptor antagonists) to tailor pharmacologic countermeasures and limit stress

effects on performance in space.

Flight experiments under evaluation at JSC.

The Team has two proposed flight experiments that continue to be evaluated for feasibility at

Johnson Space Center. Since these projects are not yet funded or approved for flight, they are

listed here only P.I. and Project Title.

Brunner, L., et al.: Effect of Spaceflight on Pharmacokinetics of Psychotherapeutic Agents.

The goal is to determine the effects of space flight on the pharmacokinetics, pharmacodynamics

and the underlying physiologic processes (gastric motility and drug absorption), of the anti-

anxiety drug, lorazepam (Ativan®), and the anti-depressant drug, venlafaxine (Effexor_).

Kanas, N., et al.: Psychosocial Education (PSE) Training for ISS Missions.

The goal is to evaluate the effectiveness in five International Space Station (ISS) crews and their

support personnel of a 5-hour, pre-launch Psychosocial Education (PSE) training program

designed to reduce tension and displacement of dysphoria to outside personnel, and to increase

cohesion, leader support, expressiveness and personal growth.
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L ABSTRACT

The most overt change affecting an astronaut in space flight is the immediate response of

the neurovestibular system to changes in gravity. NSBRI's neurovestibular adaptation

research program is aimed at developing scientifically-based countermeasures against the

vestibular problems associated with space flight. Problems typically arise first when

astronauts transition from 1-G to 0-G, unfortunately at a time when their physical and

cognitive performance is often critical for mission success and safety. Postflight

problems have generally been more severe after 3-5 month Mir and ISS flights than on 1-

2 week Shuttle missions, showing that some components of vestibular adaptation to 0-G

take place over time scales of months, rather than weeks. Operationally significant

vestibular problems are also anticipated when astronauts make the transition from 0-G to

partial G, or from 0-G to an artificial gravity environment. NSBRI research is designed

to develop countermeasures for a broad set of risks identified by the team and the NASA

Critical Path project. These currently are (in priority order): 1. Vertigo on reentry and

landing, 2. Acute space motion sickness, 3. Postlanding imbalance, instability, vertigo

and orthostatic hypotension or failed landing. 4. Inflight spatial disorientation and frame

of reference problems, 5. Chronic space motion symptoms .6. Artificial Gravity related

disorientation, nausea, vomiting, and loss of coordination. 7. Peripheral and central

vestibular function changes.

The seven projects in the current portfolio have made significant progress since the fall of

2000. Sixty five research publications have issued so far. Results from six of the seven

projects will appear in a peer reviewed upcoming special issue of the Journal of
Vestibular Research. The Team maintains active collaborations with other investigators

at NASA and in the international community, and recently co-sponsored (with NIH) a

successful international Space Vestibular Symposium in Portland, Oregon. Proceedings

will be published by the Journal of Vestibular Research. In the context of countermeasure

development, project highlights of programmatic significance during 2002 include:

l) Relative to postlanding vertigo: Drs. Wall/Oddson delivered a compact, portable balance
disturber countermeasure to JSC, where Drs. Bloomberg/Mulavara have established

normative data locomotion and dynamic visual acuity for use as a clinical measure of

fitness for return-to-duty, and efficacy of rehabiliatative countermeasures.

2) Relative to artificial gravity: Drs. Young/Hecht demonstrated context specific

adaptation to Coriolis stimulation, essential if short radius centrifugation is to be used

as a countermeasure.

3) Relative to inflight disorientation and frame of reference problems: Drs.

Oman/Harris/Taube developed new methods to quantify the "gravitational polarity"

of visual scenes useful for design of spacecraft interiors and workspaces, and

demonstrated the feasibility of 3D spatial memory training countermeasure. They

also showed that animal head direction cells exhibit a distinct "disorientation"

response state.



I1. INTRODUCTION

The most overt change affecting an astronaut in space flight is the immediate response of

the neurovestibular system to changes in gravity. NSBRI's neurovestibular adaptation

research program supports research aimed at developing scientifically-based

countermeasures against the vestibular problems associated with space flight: spatial

disorientation, space motion sickness, oculomotor deficits, postflight postural instability

and gait ataxia. Problems typically arise first when astronauts transition from 1-G to 0-

G, unfortunately at a time when their physical and cognitive performance is often critical

for mission success and safety. Postflight problems have generally been more severe

after 3-5 month Mir and ISS flights than on 1-2 week Shuttle missions, showing that

some components of vestibular adaptation to 0-G take place over time scales of months,

rather than weeks. Operationally significant vestibular problems are also anticipated

when astronauts make the transition from 0-G to partial G, or from 0-G to an artificial

gravity environment. During the Shuttle/Spacelab era (1980s and 90s), many of

NASA's major ground and flight neurovestibular experiments addressed basic issues
related to the effects of 0-G vestibular reflexes. NSBR! research is designed to develop

countermeasures for a broader set of risks identified by the NASA Critical Path project.

In 1997, five principal neurovestibular risk areas were identified

(criticalpath.jsc.nasa.gov/main.asp). Since that time, additional information has become

available from long duration Shuttle, Mir and ISS flights. Because of NASA's shift in

emphasis from exploration (e.g. Mars) missions to long duration ISS long duration

flights, the NSBRI neurovestibular team reexamined its critical path risks. In

collaboration with colleagues from the JSC Neurophysiology lab, and the JSC Medical

Operations branch, the risks were updated and regrouped into seven areas which also

define the spaceflight related long term goals of the program. In priority order, these are:

.

.

Vertigo on reentry and landing, triggered by sudden vehicle accelerations or head

movements in a now-unfamiliar gravitational environment, can cause involuntary eye

movements (nystagmus), difficulty reading instruments and orientation illusions.

Together, these can cause misperception of the attitude, velocity, and acceleration of the
vehicle. In critical situations, such as during landing they can lead to involuntary control

movements and control errors, resulting in faster and harder landings and potentially in

the loss of the vehicle and crew.

Acute space motion sickness on insertion into microgravity can produce nausea,

vomiting, loss of concentration and inability to follow procedures. The sickness, which

can sometimes last for several days, could cause catastrophic failure of EVA suit life

support systems and render space suits unreusable, were sickness to occur during EVA.
Consideration of this has caused deferment of non-emergency EVAs and Shuttle

rendezvous and docking to the fourth day of flight, which has an important impact on

Shuttle procedures and crew productivity.



. Postlanding imbalance, instability, vertigo and orthostatic hypotension have made some

crewmembers unable to stand up or walk unassisted after medium and long-duration

flights. Associated with this, there is decreased tone in postural muscles, impaired
locomotor coordination, instability of vision, difficulty turning comers or negotiating

stairs. Any or all of these compromises the ability of crewmembers to egress from the

Shuttle rapidly. Potentially, this could lead to injury or death of crewmembers in the

event of an emergency or failed landing.

. Inflight spatial disorientation and frame of reference problems, triggered by 3D body

movements as well as inversion and visual reorientation illusions, causing reaching

errors and spatial memory problems, difficulty locating emergency egress routes, EVA

height vertigo, and operational difficulties during docking and remote manipulation of

payloads that could cause dangerous collisions.

5. Chronic space motion symptoms resulting in decreased crew work capacity. Symptoms

include fatigue, "space stupids", decreased vigilance, loss of motivation, irritability,

gastrointestinal stasis, anorexia, dehydration, weight loss, side effects of anti-motion

sickness drugs and changes in sleep-wake cycle.

. Artificial Gravity related disorientation, nausea, vomiting, and loss of coordination.

Symptoms occur in short and medium radius artificial gravity environments due to
Coriolis effects on the vestibular semicircular canals, and biomechanical Coriolis forces

which disturb normal limb movements. Symptoms necessitate movement restrictions

which will compromise crew productivity.

. Peripheral and central vestibular function chan_es due to exposure to microgravity, that

may contribute to orthostatic intolerance on landing. It is also conceivable that changes
in otolith or hair cell function occur after very long duration exposure to weightlessness,

or exposurc to radiation and environmental ototoxins (e.g. CO) that could cause

permanent impairment of balance function. If so, thesc changes could cause loss of crew

productivity when landing on a distant planet or crew injury or death during emergency

egress.

IlL RESEARCH PROGRAM STRUCTURE AND DESIGN

Desiqn:

The ultimate goal of NSBRI's neurovestibular research program is to develop

countermeasures that ultimately will to allow crewmembers to: avoid disorientation, meet

the physical requirements of emergencies, treat motion sickness without side effects, and

safely control vehicles and systems.

Risk #1 (Vertigo on Rentry and Landing) is believed to represent a serious ("Class I") risk

on long duration missions. Though Shuttle pilots arc aware of the problem, and

voluntarily limit head movements, vehicle accelerations cannot be avoided. Vertigo and



nystagrnuscausewell known difficulties readingflight instruments. Reentryvertigo
hasbeenrecognizedsincethe earliestdaysof the Shuttleprogram,but its operational
significancehasprobablybeenmaskedby the traditional"can do" attitudeof military-
trainedpilots who believethey canconcentrateon their instrumentsand "fly through"
episodesof vertigo. Flight surgeonsreportthatvestibulardisturbancesaremoresevere
after long flights. Although the landingvertigo problemhasbeenmanageableon 1-2
week flights, it is likely to becomea significantproblem if shuttlemissiondurationis
extendedto 3-4 weeks. McClusky, Clark, Stepaniak2001 (NASA JSCSD2) found
shuttle landing flight technical error (height over threshold,and distance, vertical
velocity, and airspeedspeederrorsat touchdownon 9 missions) correlatedwith
intensityof postlfight neurologicsymptoms(9 missions,8 subjects). Vertigo on short
final, flare, or touchdowncould causelossof vehiclecontrol. Vestibularand related
somatosensoryfactors may have contributed to pilot induced oscillations on some
Shuttle landings. Additional quantitative data on head movements, vehicle
accelerations,and flight technicalerror are needed. The Shuttledoesnot have full
autoland capability at all likely landing sites. Countermeasuresto pre-adapt
crewmembersor display/flight control changesand training procedureswhich reduce
disorientationand flight technicalerror will be required. Providing Shuttleautoland
capabilitywill not completelyresolvetheproblem,sincepilots muststill havesufficient
visualacuityto monitor displaysusedin landing.

Risk #2 (Acutespacemotion sickness)alsorepresentsa ClassI risk duringEVA, sincethe
Shuttlespacesuit ("EMU") hasno containmentbag. In 1980s,Hamilton Standard(P.
Heimlich) noted vomitus in the LiOH canistercreatesexothermicreaction,and shuts
down EMU primary vent loop. Frozenvomitus in secondaryvent nozzlecould shut
down the secondaryvent loop, leaving only a few minutesof residual in suit 02
remaining. Vomitus is biologically active,so if thereis anepisode,the suit cannotbe
reusedunless completely refurbishedon the ground. Vomitus volume could be
somewhatreducedby eating/drinkingless frequently,but this is often inappropriate.
Modifying thesuit to includeavomituscontainmentreceptaclehasbeenconsidered,but
is expensiveand may be impractical. Risk is seriousif emergencyEVA is required.
Risk exposurecurrently is currently reducedby prohibition of non-emergencyEVAs
beforeflight day3. Onein-suit vomiting episodehasoccurred,but beforeactualEVA
began. Acute vomiting episodes- even during IVA - are momentarilydisabling.
Drug or behavioralcountermeasureswhich reliably and quickly reduceprobability of
vomiting are needed. Feasibility of EMU modifications to reducesusceptibility or
provide containmentshouldbe reinvestigated.Openingthe early-missionwindow for
EVA by 1-2dayswill add useful flexibility in missionplanning,andimprove overall
STS-ISSproductivity.

Risk #3 (Postlandingimbalance,instablility, vertigo) remain a concernfor all Shuttle
crewmembersin the event an emergencyrequires rapid egressfrom the vehicle.
Although recent cardiovascularand neuromuscular countermeasureshave been
successfulon ISS, neurovestibularbalance problems remain a problem for some
individuals. Manycrew testedcannotrun 1000ft on a treadmill. Countermeasuresare
neededto pre-adaptreturningcrewmembers,to mitigatetherisk of injury resultingfrom



an accidentalfall. It is also important to understandwhether there is a vestibular
contributionto postflightorthostatichypotension.

Risk #4 (Inflight spatial disorientationand frame of referenceproblems) are more
significant inside spacestations(Mir, ISS) thanon Shuttle,due to the complex3D
interior architecture(Richards,et al, 2001),which providesmultiple visual framesof
reference,and causesvisual reorientation illusions. Mental rotation and frame of
referenceproblemshavebeennotedin debriefsof somecrewmembersdoing ISSrobotic
ops. Such problemscomplicatedthe Mir crew's responseto the collison with the
Progressspacecraftin 1997.Shuttlecrewmembersvisiting Mir easilybecamelost. Mir
andISScrewmembersoccasionallyreportheightvertigowhentheEarthis in their lower
visual field, andfor somethe experiencehasbeenmomentarilydisabling. The lackof
visual referencescuesduring the darkhalf of eachorbit hascauseddisorientationand
concern amongsome ISS EVA crew. Potentialcountermeasuresinclude preflight
visual orientation training - perhapsusing appropriatevirtual reality techniquesor
ground simulators- and improvedphysiologicallybasedhumanfactors standardsfor
spacecraftarchitectureandescapepathsignage.

Risk #5 Chronic spacemotion sicknesssymptomsaffect 75% of crewmembersto some
degreeduring the first 3-5 daysin space,and impair the averagephysicaland mental
efficiency of crewmembers,andcauseprofoundsomnolence,nausearelatedinability to
follow procedures,and lossof initiative. Theimpacton operationalcapabilityof the
crewmemberequalsor exceedsthe somnolenceproduced by otheraberrantcircadian
cuesassociatedwith spaceflight. Thoughacutespacesicknessproblemsaregenerally
confined to the first week,severalcaseslastingweekshavebeendescribedby Russian
colleagues,and there is reason to believe chronic low grade symptoms ("sopite
syndrome") may persist in some crewmembersfor weeks. Existing drugs were
developedto preventandtreat acutespacemotion sickness,andhave significant side
effects. They may not be the bestagentsfor treatingchronic spacemotion sickness
symptoms. Countermeasuresinclude both techniqueswhich accelerateadaptationto
weightlessness,and improvedanti-motionsicknessdrugsandothertherapieswhich can
be used to block or treat symptomsand signs without unacceptablecognitive or
circadiansideeffects.

Risk #6 Artificial Gravity relateddisorientation,nausea,vomitingandlossof coordination.
Artificial gravity (AG) remainsa potentiallyimportantmulti-systemcountermeasurefor
neuromuscular,bone, cardiovascularand neurovestibulardysfunctionin 0-G. Large
radiusAG spacecraftsystemsarelikely at leasta decadeaway,but short radius(2-3m)
systemscould be developednow which fit inside Shuttleor an ISS module. As a
neurovestibularcountermeasure,AG is adouble-edgedsword: it probablycanbe used
to pre-adaptcrewmembersfor return to planetarygravity, but if crewmembersmove
their headsout of the planeof rotation, the resulting vestibular Coriolis stimulus
potentiallyproducescomplexdisorientationandmotionsickness. In a rotatingartificial
gravity environment,with the body's principal orientedperpendicularto the axis of
rotation, thedirectionandmagnitudeof thevestibularCoriolis effectsdependonwhich
way thecrewmemberhappensto befacing. Theextentto which apersoncanadaptin a



contextspecific way to this kind of stimulus is unclear, and requires further research.

Establishing the values of AG system radius and RPM, and the duration/repetition rate
of AG sessions which are effective for neuromuscular, bone, cardiovascular and

neurovestibular therapies remain a NSBRI wide priority.

Risk #7 Peripheral and central vestibular changes due to prolonged 0-G, radiation, or

environmental toxins. There is no conclusive evidence that prolonged (months to years)

exposure to 0-G produces irreversible vestibular changes, but only half a dozen

individuals have yet flown beyond 6-8 months. Anatomical changes have been seen in

vestibular sensory epithelia in animals on flights of several weeks and longer, but the

functional significance of these changes is unclear. The effects of radiation exposure on

the vestibular end organs and central vestibular system (e.g. brain stem, cerebellum,

thalamus, hippocampus)has not been established. The effects of gravity on the

formation of otolith crystals is not well understood. Loose otoconia will presumably

float benignly in 0-G, but returning crewmembers may be more susceptible to

disorienting effects (e.g. cupulolithiasis) during landing and postflight. The lack of

validated, sensitive instrumentation and methods for early detection of impairment of

vestibular reflexes, particularly those associated with response to gravity and linear

acceleration is a continuing problem.

In 1999, the NSBRI neurovestibular team held a workshop in Houston to solicit the advice

of a panel of outside experts. This group mapped the neurovestibular risks of spaceflight

into eight interrelated thematic research areas, and defined a set of critical questions
associated with each. These are important, as they formed the basis for the solicitation of

the current research program:

1. Sensory-Motor Adaptation

• Can an individual's ability to adapt to multiple gravitational environments be enhanced

so astronauts can rapidly transition between I-G and 0-G, 0-G and partial G, or 0-G and

artificial G with minimal performance impairment or motion sickness ? What are the

sensory-motor responses that must change in a functionally adaptive manner during

prolonged space flight? Does such adaptation take place? How can it be reliably
measured?

• Can preflight or inflight training accelerate adaptation ? Can these adaptive responses be

trained to be context-specific? What context cues are effective ? Must they be

associated with active movement ? How long does context-specific pre-adaptation last ?

Does adaptation of eye movements transfer to e.g. arm movement ?

• What is the evidence for and the physiological bases of oscillopsia, disorientation,

ataxia, impaired gaze holding, and reduced dynamic visual acuity reported by

crewmembers, particularly while making head movements during re-entry and

immediately postflight?

• Can long-term exposure to space flight impair sensorimotor plasticity?

• What is the mechanism responsible for postflight sensory flashbacks occasionally

reported by some crewmembers ?



• How do countermeasures(e.g.,artificial gravity, inflight exerciseor preflight training)

affect adaptation rates and levels? How do rates and levels associated with

physiological (sensorimotor, autonomic, emetic) adaptation to microgravity and 3/8 G

on Mars correlate with operational performance changes ?

• What are the appropriate space flight analog environments that can be used as test beds

for evaluating neurological adaptation, adverse operational implications,

countermeasures and impacts of adaptation on other anatomical and physiological

systems?

2. Artificial Gravity

• What are the effects of AG on human eye, head and limb movements ? What are the

pros and cons of artificial gravity (AG) as a countermeasure against the effects of 0-G
on neurovestibular function ? What are the advantages and disadvantages of large radius

continuous AG vs. short radius intermittent AG, and how are these influenced by

mission duration and post-landing environment (Mars vs. Earth)?

Can humans successfully adapt to working perpendicular to the angular velocity vector?

How can transitions between AG levels be eased?

What is the maximum tolerable rotation rate for a given G level? What is the best

habituation schedule?

3. Visual (Multisensory) Orientation, Spatial Memory, and Navigation

• How do visual and nonvisual cues interact to influence human orientation perception

and motor behavior?

• How do visual, vestibular and haptic cues and .biases contribute to inversion illusions,

visual reorientation illusions, extravehicular-activity acrophobia, disorientation and poor

3-D spatial memory in 0-G?

• What is the neural basis of inversion illusions, visual reorientation illusions, EVA

acrophobia, disorientation and 3-D spatial memory problems in 0-G? Does neural

coding of place and direction three dimensional, or is it principally two dimensional due

to our terrestrial evolutionary heritage ? Does the coding change after adaptation to 0-

G?

• Does 1-G training in simulated environments (e.g. using virtual reality or neutral

buoyancy tecimiques) reduce disorientation, and improve 3-D spatial memory and

performance in orientation and navigation tasks such as emergency escape ? Can the

architecture and layout of spacecraft interiors be improved to minimize disorientation ?

• How can 0-G immersive teleoperation displays be designed to reduce disorientation

and/or motion sickness?

4. Vestibular/Autonomic/Emetic Physiology and Countermeasures

• What is the physiological basis for the "sensory conflict" theory for motion sickness ?
What is the locus and function of the putative "conflict" signal ? What is the neural or

chemical linkage between balance and emetic centers ? What mechanisms establish the

threshold for nausea and emesis ? What neurotransmitter and receptor systems are

involved ? Is the physiology of space motion sickness fundamentally different from

other forms of motion sickness ?



• How do anti-motionsicknessdrugsaffectsensory-motoradaptationand eyemovements

• Can more effective anti-motion sickness drugs be developed which target emetic centers

or the vestibular-emetic linkage ? Drugs must be effective, easily and safely used over

days to weeks with minimal side effects and must not impair neurovestibular adaptation.

• Can improved anti-motion delivery systems and dose and side effect monitoring systems

be developed? What are the best ground-based techniques for evaluating 0-G

pharmacokinetics and for assessing the effectiveness and side effects of drug

countermeasures ?

• How does chronic space motion sickness (including sopite syndrome) affect mood,

initiative and interpersonal relationships?

• Does the neurovestibular response to weightlessness impair postlanding cardiovascular

regulation and contribute to orthostatic intolerance ? How is it mediated ? What is the

effective frequency range of compensation ? Can an effective countermeasure (e.g.,

AG) be developed to exploit this knowledge?

5. Postfiight Locomotion and Gaze Assessment

• What causes the profound impairments of posture, gaze and locomotion stability in

many returning astronauts (and in vestibular patients), and how can these be quantified?

• What causes the large differences in level of impairment observed among different

crewmembers ?

• How do these differences correlate with physiological and operational performance

changes?

• How are the multiple, mutually dependent sensorimotor systems responsible for

locomotion altered by exposure to space flight? For example, what is the role of the

vestibulo-ocular, vestibulo-collic and vestibulo-spinal reflexes in 3-D control of

locomotion and gaze while walking, turning or ascending stairs?

• How are target acquisition, smooth pursuit and saccadic mechanisms programmed

during locomotion? How do oculomotor and gait control systems interact during

locomotion and head turning? How is this interplay affected by space flight?

• What roles do visual cues play in postflight locomotor control?

• In an altered sensory environment, does motor control require increased cognitive

resources?

• Does this multi-tasking impair performance? Can a dual-task paradigm be used to

monitor adaptation?

• What is the linkage between space flight-induced changes in sensory-motor control and

astronaut functional performance?

• What measures represent composite and global indicators of locomotor and/or gaze

dysfunction after space flight? What measures are the most efficient and sensitive

indicators of changes in locomotion and/or gaze? What is their correlation with

functional performance after space flight.



6. Neurovestibular Rehabilitation

• What are the relative contributions of neurovestibular adaptation, neuromuscular

deconditioning and orthostatic intolerance to postflight neuromuscular coordination,

ataxia and locomotion difficulties?

• Why do certain astronauts recover balance and locomotion function more rapidly than

others postflight ?
• What is the effect of cardiovascular, muscle and skeletal rehabilitation therapies on

neurovestibular recovery, and the converse ?

• Can preflight or inflight training, balance exercises, sensory aids, prostheses and

assessment techniques improve postlanding postural and locomotor control and

functional task performance ?

• How should somatosensory information

redaptation?

• Can crewmembers "learn how to learn"

rearrangements ?

• How does attention to a new sensory-motor task affect performance of a secondary task?

be used to accelerate neurovestibular

by adapting to surrogate sensory-motor

7. Effects of Stress, Isolation, Immobilization and Diet on Vestibular Function

• What are the effect of psychological stress, isolation, immobilization, and diet on

vestibular function ? How can they be distinguished from the effects of weightlessness

and "normal" physiological variability?

• If there are important effects, what countermeasures can be developed?

8. Potential Mechanisms For and Diagnosis of Irreversible Neurovestibular Changes

• How might very long duration exposure to 0-G or partial G, radiation or environmental

toxins such as carbon monoxide or ethylene glycol cause irreversible

(pathophysiological) changes in central or peripheral vestibular function or

development, or cause acceleration of the normal aging process? What is the likelihood
of this ? Would some individuals be more susceptible than others? What is the potential

time course'? How could such changes be reliably detected at an early stage? What is

the best way to non-invasively assess the function of the human otolith end-organs ?
How does serum calcium homeostasis impact otoconial turnover?

Current Structure:

NSBRI's neurovestibular research program is led by Dr. Charles Oman (MIT) assisted by

Drs. Bernard Cohen (Mt. Sinai School of Medicine) and Conrad Wall (Harvard Medical

School/Mass Eye and Ear Infirmary). The current research portfolio of seven projects was

selected based on a February, 2000 solicitation (NSBRI 00-01) and independent peer

review. Six of the seven are three year projects. Three of the projects (double boxed in the

figure below) were initiated in 1997, and competitively renewed in 2000. Several projects

will be completed in September, 2003. However, due to NSBRI funding rate problems

during GFY 2002, several others have extended their projected completion dates to

December, 2002.
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The investigators, their institutions, the critical path risks addressed, thematic areas,

experimental model, specific aims, countermeasure types and countermeasure development

strategy of each of the seven projects are summarized below:

Context-Specificity and Other Approaches to Neurovestibular Adaptation.

PI: Mark J. Shelhamer,

CoIs: Minor, Zee, Angelaki, Zhou, Wu.

Institutions: Johns Hopkins U. School of Medicine, Washington U., U. Mississippi Med Ctr.

Critical path risks addressed: 1. Vertigo on rentry and landing., 3. Postlanding imbalance

and vertigo.

Thematic area: Sensory Motor Adaptation

Experimental models: Human and animal (primate)

Countermeasure Types: assessment, prediction, training.
Current readiness level: 2

Specific Aims:

• Is torsional eye position a context cue for saccade adaptation ?

• Does a rest interval between stimuli promote adaptive consolidation ?

• Can cyclovergence adaptation provide a countermeasure to ocular torsion changes in

parabolic flight ?

• How do pursuit and LVOR deficits correlate in cerebellar lesioned monkeys ?

• How do pursuit and LVOR adaptation transfer across frequencies in humans and

monkeys

• Can LVOR adaptation be trained with pursuit stimuli, and how do cerebellar lesions

influence adaptation.

• Does head tilt adaptation ofsaccades and VOR transfer to arm movements in monkeys ?

• What is the best way to induce context specific LVOR adaptation in humans ?

• Does the naso-occipial LVOR also show context specific adaptation ?

Neuro-Vestibular Aspects of Artificial Gravity Created by Short-Radius Centrifu_ation

PI: Laurence R. Young.



CoIs:Hecht,Oman,Mast,DiZio, Lackner,Paloski,B. Cohen,
Dai,M. Cohen,Welch,Stone.
Institutions:MIT, Brandeis,NASA-JSC,Mt. SinaiHospital,NASA-Ames.
Critical PathRisks: 6. Artificial Gravity, 2. Acute space motion sickness, 5. Chronic space

motion sickness

Thematic areas: Artificial G, Drug countermeasures

Experimental model: Human

Countermeasure Types: assessment, training, environmental manipulation, drugs.

Current readiness Level: 4

Specific Aims: Using short and medium radius centrifuges and rotating chairs, to
determine:

• How context cues influence VOR, perception and motion sickness adaptation.

• What is the role of sensory-motor (non-vestibular) adaptation to AG ?

• What types of sensory conflict drive adaptation ?

• What are the optimal duty cycles and inter-session intervals ?

• Does body orientation re gravity provide a context cue ?

• In what way does adaptation generalize to different rotating environments?

• How does intermittent training influence the accuracy of head movements ?

• How does promethazine affect adaptation and eye movements in humans and monkeys ?

Modification of Eccentric Gaze-Holding,

PI: Millard F. Reschke

CoIs: Paloski, Kornilova, Wood, Leigh

Institutions: NASA-JSC, IBMP/Moscow, BCM, University Hospitals of Cleveland

Critical Path Risk: 1 Vertigo on reentry and landing, 3, postlanding vertigo, 7. peripheral or

central vestibular changes.

Thematic areas: Sensory-motor adaptation, Irreversible changes).

Experimental model: Human

Countermeasure types: assessment, prediction, training.

Countermeasure Readiness Level: 2

Specific Aims:

• Effect of tilt and proprioception on centripetal drift time constant

• How rebound nystagrnus provides adaptive compensation.

• How centrifugation influences gaze holding.

• Why adaptation fails in cerebellar patients.

• Whether gaze-holding is impaired immediately following spaceflight.

Visual Orientation and Spatial Memory.

PI: Charles M. Oman.

CoIs: Howard, Shebilske, Taube, Hecht, Harris, Jenkin, Liu, Stuerzlinger. Institutions

MIT, York University, Dartmouth Medical School, Wright State University.

Critical path risk: 4. Inflight spatial disorientation and frame of reference problems, 2.

Acute space motion sickness etiology.

Thematic area: Orientation and Spatial Memory.



Experimentalmodels:Humanandanimal(rat)
Countermeasuretypes: assessment,prediction,training,environmentalmanipulation..
CountermeasureReadinessLevel:5
Specificaims:
• Human visual orientation. Effects of visual frame, polarity, brightness, motion, and

gravireceptor cues on the subjective vertical, eye movements, and limb movements.

• Three dimensional spatial memory and spatial frameworks. Generic and environment

specific preflight and onboard virtual reality training methods, interior architectural

standards, and escape path countermeasure design and evaluation.

• Neural coding of spatial orientation. How do visual, vestibular, gravireceptive,

proprioceptive, and motor pathways drive limbic head direction cells in the rat, as a

model for visual reorientation illusions in astronauts.

Advanced Techniques to Assess and Counter Gait Ataxia

PI: Conrad Wall III

Co-Is:Bloomberg, Oddson, Raphan, Solomon.

Institutions: Mass Eye and Ear Infirmary, NASA-JSC, Boston University, Mt. Sinai

Hospital, U. Penn.
Critical Path Risks: 3. Postlanding imbalance, instability, vertigo.

Thematic area: Locomotion and gaze.

Experimental model: Human

Countermeasure types: assessment, prediction, training, prosthesis.

Countermeasure Readiness Level: 5

Specific Aims:

• Quantify body, head, & eye coordination during perturbed straight walking. And also:

• during straight and circular walking on a circular treadmill.

• while ascending/descending stairs.

• while wearing a tactile prosthetic countermeasure.

• assess effect of dynamic balance exercises.

Understanding Full-Body Gaze Control During Locomotion

PI: Jacob J. Bloomberg, Jacob

Co-I:H. Cohen.

Institutions: NASA-JSC, Baylor College of Medicine

Critical Path Risks: 3. Postlanding imbalance, instability, vertigo, and hyptension.

Thematic area: Locomotion.

Experimental model: Human

Countermeasure types: assessment, prediction, training.

Countermeasure Readiness Level: 5

Specific Aims: How are eye, head, trunk, and lower limb movements

Specifically:

coordinated.

How do eye, head, trunk, and legs absorb heel strike while treadmill walking? How do

subjects adapt to magnifying and minifying lenses ?

To reduced degrees of freedom, for example wearing a neck brace ?

To wearing knee braces ?



Pharmacological Countermeasures for Space Motion Sickness.

PI: John L. Dornhoffer

Cols: Garcia-Rill, Paule, Van De Heyning.

Institutions: U. Arkansas for Medical Sciences, National Center for Toxicological Res.,

U. Hospital, Antwerp.
Critical Path Risks: 2. Acute space motion sickness, 5 Chronic space motion sickness.

Thematic area: Autonomic/drug

Experimental model: Human

Countermeasure types: assessment, prediction, pharmacological.

Countermeasure Readiness Level: 5

Specific Aims: (2 year project)

• What are the effects of lorazepam, meclizine, promethazine, and scopolamine on

coriolis induced motion sickness symptoms ?

• How do these drugs affect reticular sensory gating (P50 double click auditory evoked

potential), time perception, short term memory, and learning ?

Each of the current projects resembles a small NIH Program Project Grant in that

(Boomberg's project excepted) all involve multiple experiments conducted concurrently
at several institutions, and significant collaborations between investigators. In addition,

there are significant inter-project collaborations and coordinations. For example, Drs.

Wall, Oddson and Bloomberg are coordinating their locomotion research, and developing

a portable locomotion testing platform. Dr. Minor (Shelhamer project) assisted Dr.

Taube in developing a semicircular canal blocked animal preparation. Drs. Shelhamer,

Solomon, and B. Cohen and are working with JSC clinical colleagues on development of

a postflight neurological assessment battery.

The NSBRI neurovestibular adaptation research program was reviewed in December,

2000 by the NASA Chief Scientist's site visit team. They judged it a well integrated

program with strong leadership and an internal review process, evidence of true
collaborative research, and clear added value to NASA.

IV. RESEARCH PROGRAM A CCOMPLISHMENTS

During the past year, our programmatically significant major progress relative to risks

and countermeasures has been:

Relative to the postlanding imbalance, instability and vertigo risk:

Drs. Wall/Oddson delivered a compact, portable balance disturber

countermeasure to JSC, where Drs. Bloomberg/Mulavara have established

normative data locomotion and dynamic visual acuity for use as a clinical

measure of fitness for return-to-duty, and efficacy of rehabiliatative

countermeasures.

Relative to artificial gravity related disorientation, nausea, vomiting and

loss of coordination:



Drs.Young/Hechtdemonstratedcontextspecificadaptationto Coriolis

stimulation, essential if short radius centrifugation is to be used as a

countermeasure.

Relative to inflight disorientation and frame of reference problems:

Drs. Oman/Harris/Taube developed new methods to quantify the "gravitational

polarity" of visual scenes useful for design of spacecraft interiors and

workspaces, and demonstrated the feasibility of 3D spatial memory training

countermeasure. They also demonstrated that animal head direction cells show a

distinct "disorientation" response state.

The neurovestibular team has maintained a strong record of scientific productivity. Since

the start of phase 2 research in 2000 and the present, 65 papers, abstracts, and abstracts

have appeared, which are listed in the appendix. (Between 1997 and 2000, the initial 3

projects published 14 journal articles, along with 3 reports, 6 graduate theses, 23

abstracts, with 15 manuscripts accepted or in review.) Eleven graduate students and 10

postdoctoral trainees participated. We maintain a strong interaction with NASA JSC.
Two students have interned at NASA JSC, and several students from our laboratories are

now employed there. Dr. Shelhamer serves on the JSC Medical Branch Neurophysiology

Integrated Project Team. Dr. B. Cohen serves on the Critical Path Project Review

Board. Dr. Oman, Mr. J. Richards, Dr. J. Clark (JSC) and Dr. Marshburn (JSC & Smart

Med. Team) prepared a retrospective summary of Mir neurovestibular episodes, which

was has been distributed to neurovestibular specialists and crewmembers and is being

published as a NASA TR. Several members of our team (Drs. Oman, Bloomberg,

Reshke, Paloski, Cohen and Raphan ) are concurrently actively involved in the

development of NASA sponsored neurovestibular experiments for the ISS.

In June, 2002 team submitted 10 manuscripts for a special issue of the Journal of

Vestibular Research. As of September, six had been accepted, with the remainder in the

final stages of review. This issue should appear in mid-2003. Dr. Oman took a lead role

in organizing the a 6th Symposium on the Role of the Vestibular Organs in Space

Exploration in Portland, Oct. 1-3, 2002. This international symposium was a satellite to

the concurrent Barany Society meeting, and attracted more than 140 space vestibular

researchers and clinicans. Investigators representing all seven NSBRI projects

participated, and our annual team meeting was held in conjunction with the Symposium.

The meeting gave our team's research increased visibility within the entire space

vestibular community, and an opportunity to exchange views with our colleagues from

around the world. In the tradition of the first six symposia, held at Pensacola in the 1960s

and 70s, NASA is publishing the complete proceedings. Selected papers will appear in a

special issue of the Journal of Vestibular Research.

With support from the NSBRI Education and Outreach Team, Drs. Oman, Wall and

Young developed a new graduate subject at MIT in vestibular physiology, and

collaborated with Harvard Medical School colleagues to develop a vestibular case study



for use in highschools("Cecilia's Story"),andDr. B. Cohenparticipatedin the summer
high schooloutreachteachingprogramat Mt. Sinai. Theteamhasheldannualpanelsat
theAerospaceMedicalAssociationandNeuralControlof Movementmeetings. We also
informally adviseseveralneurovestibular-relatedprojectsunderwayon otherteams:Ray
Vestibular Autonomic project /Cardiovascular Team; Morin Vestibular effects on

circadian/Chronobiology; Putcha Intranasal motion sickness drug adminstration/Smart

Medicine.

The current project portfolio collectively addresses some aspects of six of the seven critical

path risks and five of the eight potential thematic areas. One project has delivered a

preliminary countermeasure, and most of the others have countermeasures concepts defined

and in development, though two currently have not yet reached that stage. Recent

retroactive cuts to the NSBRI budget during FY 2002 have impacted progress on several

projects. Also, there are significant strategic gaps in the current program, partly due to

funding limitations and also to the particular thematic distribution of proposals solicited by

the most recent NSBRI research announcement (NSBRI 00-001). The team strategy for

closing these gaps is described in our 2002 Team Strategic Plan.



APPENDIX. Pubfications of the Neurovestibular Adaptation Team (2000-

2002)

1. Bassett JP, Taube JS (2001) Neural correlates for angular head velocity in the rat

dorsal tegmental nucleus. Journal of Neuroscience 21:5740-5751

2. Bassett JP, Taube JS (2001) Lesion of the dorsal tegmental nucleus of the rat

disrupt head direction cell activity in the anterior thalamus. Soc Neurosci Abstr

27: 852.29.

3. Bloomberg, J J, Mulavara, A.P., Kozlovskaya, I.B. Adaptive reorganization of

locomotor function after long-duration spaceflight. Presented at the XII

Conference on Space Biology and Aerospace Medicine, Moscow, June 10-14,

2002.

4. Bloomberg, J J, Mulavara, A.P., Kozlovskaya, I.B. Reorganization of locomotor

strategies after long-duration spaceflight. Presented at the Annual Aerospace

Medical Association Meeting, Montreal, May, 2002.

5. Brown, E., Hecht H, and Young L. (submitted) Sensorimotor aspects of high-

speed artificial gravity: I. Visual-vestibular conflict in context-specific adaptation.
Journal of Vestibular Research, NSBRI Neurovestibular Team special issue.

6. Brown JE, Yates B J, Taube JS (2002) Does the vestibular system contribute to

head direction cell activity in the rat? Physiology and Behavior, in press.

7. Calton JL, Stackman RW, Goodridge JP, Archey WB, Dudchenko PA, Taube JS

(2002) Hippocampal place cell instability following lesions of the head direction
cell network. Journal of Neuroscience (submitted)

8. Calton JL, Taube JS (2001) Head direction cell activity following bilateral lesions

of posterior parietal cortex. Soc Neurosci Abstr 27: 537.30.
9. DiZio P and Lackner J. (Submitted) Sensorimotor aspects of high-speed artificial

gravity Ill: Sensorimotor adaptation. Journal of Vestibular Research, NSBRI

Neurovestibular Team special issue.

10. Dornhoffer J, E Garcia-Rill, M Paule, Clinical investigation of Pharmacological

Counten-neasures for Space Motion Sickness, Panel Presentation at the Aerospace

Medical Association 73rd Annual Scientific Meeting, May 6, 2002, Montreal,

Canada.

11. Dornhoffer J, E Garcia-Rill, M Paule, P Van De Heyning, P Bhave, N Mamiya, P

Bray, RD Skinner, FL Wuyts, K Williams, DJ Blake, JH Chelonis, M.

Hoppenbrouwers, G Pauwels, A Boudewyns, Pharmacological Countermeasures

for Space Motion Sickness, poster presentation at the NSBRI Retreat, January

2002, Houston, Texas.
12. Dornhoffer J, RT Boone, EK Gardner, DK Williams, The effect of rotation on the

subjective vertical: A new test ofotolith function in the normal and diseased ear,

presented at the 37th Annual Meeting of the American Neurotology Society, May

10-11,2002, Boca Raton, Florida.

13. Dornhoffer JL, N Mamiya, P Bray, RD Skinner, E Garcia-Rill. Effects of rotation

on the sleep state-dependent midlatency auditory evoked P50 potential in the



human. Submittedto theJournalof Vestibular Research (special NSBRI

Neurovestibular Adaptation issue).

14. Dornhoffer JL, RT Boone, EK Gardner, DK Williams. The effect of rotation on

the subjective vertical: A new test of otolith function in the normal and diseased

ear. Submitted to Otology & Neurotology.

15. Garcia-Riil E, RD Skinner, J Clothier, J Dornhoffer, E Uc, A Fann, N Mamiya.

The sleep state-dependent midlatency auditory evoked p50 potential in various

disorders. Submitted to Thalamus & Related Systems.

16. Groen, E., I. P. Jenkin, H., and Howard, I.P.(2002) Perception of self-tilt in a true

and illusory vertical plane. Perception, (In press). (Abstract)

17. Hecht, H, Brown, EL & Young, L. R.(2002). Adapting to artificial gravity (AG)

at high rotational speeds, 23rd ESA ISBPSymposium 'Life in Space for Life on

Earth' held in Stockholm, Sweden, June, 2002. Submitted to Journal of

Gravitational Physiology.

18. Hirasaki, E., Moore, S.T., Raphan, T., Cohen, B. Head and body movements in

the yaw and roll planes during straight walking. Soc. Neuroscience, Nov. 2001.

19. Homma H, Y Homma, L Teneud, RD Skinner J Dornhoffer, E Garcia-Rill.

Effects of rotation on the P13 mid-latency auditory evoked potential in rat.

Submitted to the Journal of Vestibular Research.

20. Howard, IP and Hu, G. (2001) Visually Induced Reorientation Illusions.

Perception 30:583-600.

21. Howard, I.P., Hu, G., and Zacher, J.E. Visual orientation in a 90" mirror world.

(Submitted to Perception), October, 2002.

22. Jenkin, HL, Harris,LR, Dyde, RT, Kaiserman, J. and Jenkin MR. (2002) Relative

role of visual and non-visual cues in judging the direction of "up": experiments in

the York tumbled room facility 6th Symposium on the Role of the Vestibular

Organs in Space Exploration, Portland Oregon, September, 2002 (Abstract)

23. Karmali, F. RA Clendaniel, M Shelhamer (2001) Context-Specific Adaptation of

Saccade Gain does not Require Opposing Gain Changes in order to be Effective.

Soc Neurosci Abstr 27.

24. Mamiya N, J Dornhoffer, P Bray, R Skinner, E Garcia-Rill, (2002) Effects of

rotation oil the sleep state-dependent midlatency auditory evoked P50 potential in

the human, presented at the Association of Professional Sleep Societies 16th

Annual Meeting, June 8-13, 2002, Seattle, Washington.

25. Mamiya N, J Dornhoffer, R Skinner, E Garcia-Rill, (2002) Effect ofmeclizine on

the rotation-induced decrease in habituation of the human P50 potential.
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I. ABSTRACT OF REPORT

Optimal human performance during space exploration requires the maintenance of all

physiological systems such as cardiovascular capacity, bone mineral density, and skeletal muscle

function and in turn is dependent on adequate nutrition and physical fitness. The critical issues

for nutrition are: (1) determining nutrient needs to meet modified requirements due to space

flight stressors including microgravity; and (2) developing new strategies including use of

functional foods, supplements, and timing of food intake relative to specific activities that will

optimize human performance. Critical issues for physical fitness include: (1) development of

appropriate aerobic and resistive exercises (mode, frequency, duration, intensity) and the

appropriate balance for each to maintain aerobic.capacity and muscle performance (as measured

by strength and endurance) and (2) optimizing the appropriate timing of exercise programs with

respect to food intake and other activities (e.g. extra vehicular activity; EVA). Since physical

activity will, in part, determine nutrient needs, and the optimization of nutrient delivery will in

part depend upon blood flow and muscle mass (which are affected by physical activity) these

two disciplines need to be considered together. Examples of relevant risks that may be

ameliorated by nutrition and physical activity interventions are: Reduced cardiovascular

capacity; Loss of bone mineral density; Diminution of skeletal muscle function; Depressed

immune response; Radiation enhanced development of cancer; Decrease in cognitive function;

Alterations in sleep patterns; Psychosocial factors.

The nutrition and physical fitness program is new, becoming operational in 2001. It presently

consists of three nutrition countermeasure projects (Lupton, Wolfe, and Tobin) and a modeling

project (Cabrera). The cornerstone project is the Wolfe bed rest study, which has seven "add on"

projects and is fully integrated with the Tobin project. A critical finding from the Wolfe bed rest

study was that nutrition may ameliorate muscle wasting but it does not preserve the loss of

muscle strength. This reinforces the need for a combined nutrition/physical fitness intervention

strategy. Because of Dr. Wolfe's commitment to this integrated approach he has expanded his

study at his own expense to now do a physical fitness intervention during the second year. The

Lupton project on the development of nutritional countermeasures to radiation enhanced colon

cancer resulted in several discoveries: that exposure to 1Gy iron ions does, in fact, enhance

preneoplastic markers of colon tumorigenesis, and fish oil feeding can ameliorate this effect.

Importantly, if rats are provided diets high in both fish oil and the fermentable fiber pectin, the

enhanced tumorigenic effect seen with radiation exposure is no longer observed. The use of

microarray technology to monitor changes in gene expression has identified key genes that are

turned on (or off) as a result of carcinogen and/or radiation exposure. This technology can later

be applied to humans. The Cabrera modeling project is now fully functional and he has

established important collaborative efforts with members of other NSBRI teams. A major

success of this first year of operation of the team was the publication (October, 2002) of a special

issue of the journal Nutrition, on Nutrition in space flight. Every member of the team has an
article in the Journal and the team lead and her co-PI were the Journal Editors.

In summary, Nutrition and Physical Fitness is a new, currently small program which is working

to fully integrate its existing projects, expand by addition of small projects, and is poised to

incorporate newly funded proposals which will fully integrate nutrition with physical fitness.

Optimal diet and physical activity protocols for space flight will impact every aspect of astronaut

health and performance.
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II. INTRODUCTION

Thetwomajor problems encountered in space that are currently addressed by the Nutrition and

Physical Fitness Research Program are (1) Muscle Alterations and Atrophy and (2) radiation

enhanced development of cancer. With respect to Muscle Alterations and Atrophy, the

following are the Relevant risks (numbered in parentheses), found on the Critical Path Roadmap,

that may be ameliorated by nutrition and physical activity interventions: Loss of Skeletal Muscle

Mass, Strength, and/or Endurance (28); Inability to Perform Tasks Due to Motor Performance,

Muscle Endurance, and Disruption in Structural and Functional Properties of Sott and Hard

Connective Tissues of the Axial Skeleton (29); Inability to Sustain Muscle Performance Levels

to Meet Demands of Performing Activities of Varying Intensities (30); Propensity to Develop

Muscle Injury, Connective Tissue Dysfunction, and Bone Fracture Due to Deficiencies in Motor

Skill, Muscle Strength and Muscular Fatigue (31); and Impact of Deficits in Skeletal Muscle

Structure and Function on other Systems (32). Both appropriate nutrition and physical fitness

can have a significant impact on muscle mass and strength. Nutrition is required to provide

amino acids for muscle protein synthesis and energy for strength and endurance. Muscle protein

synthesis is known to be depressed during space flight, due, in large part to muscular inactivity.

This depression of protein synthesis is accompanied by an increase in protein degradation due to

a moderate level ofhypercortisolemia observed during space flight. Both aerobic and resistive

exercise are also critical for proper muscle function. Aerobic exercise helps maintain blood flow

to muscle so that nutrients can reach myocytes. Resistive exercise is key to maintaining muscle

strength. Not only must energy expended on physical activity be balanced by appropriate food

intake, the timing of exercise with respect to food ingestion impacts such important physiological

effects as uptake of amino acids into muscle. Thus specific nutrients, ingested at the appropriate

time, may help to maintain muscle mass.

With respect to radiation enhanced development of cancer: The risks to personnel in space from

naturally occurring radiations are generally considered to be the most serious limitation to human

space missions and research in this area is now a top priority for NASA. Ionizing radiation

results in the production of reactive oxygen species (ROS) including superoxide, hydrogen

peroxide, and hydroxyl radical, which are mutagenic and well documented to be carcinogenic in
animals and humans. ROS accumulate with time, and it has been shown in a number of different

systems that the greater the production of ROS, the higher the level of oxidative DNA damage.

ROS can permanently damage nucleic acids inducing some 20 major oxidative DNA adducts

some of which can go on to form tumors. Interestingly, diet may play an important role in

removal of these DNA-adducted cells and thus protect against radiation-enhanced tumorigenesis.

The NSBRI funded project of Lupton et al. uses diet as a countermeasure to selectively remove

DNA-damaged cells from the colon by targeted apoptosis. Colon cancer is chosen for the model

system as it is the second leading cause of death from cancer in the United States today, it strikes

men and women equally, and it is the cancer most responsive to diet. The relevant risk on the

critical path that is addressed is: Carcinogenesis Caused by Radiation (38).
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III. RESEARCH PROGRAM STRUCTURE & DESIGN

The Nutrition and Physical Fitness Team is new, and became operational in 2001. It presently

consists of three nutrition countermeasure projects (Lupton, Wolfe, and Tobin), and a modeling

project (Cabrera) which was recently assigned to the team from the former Human Integrated

Function Team. Table 1, entitled "Current Project Research Activities," summarizes for each

current Nutrition and Physical Fitness Team project what risks are addressed, the experimental

system, the countermeasure target and whether a project is part of the strategic plan steps of

Phase 1, 2 or 3 Activities (See the strategic plan).

Specifically, Nutritional Countermeasures to Radiation Exposure, JR Lupton, PI, Texas A&M

University, is testing the hypothesis that a particular diet intervention (an n-3 lipid and

fermentable fiber combination) in rats should protect against radiation-enhanced colon cancer by

targeting DNA damaged cells for apoptotic removal. It is directed to Goal 5 of the strategic plan
: Reduce Risk of Radiation Enhanced Development of Cancer and will also contribute to Goal 1:

Reduce Risk of Suboptimal Nutritional Status. Rats receive one of four diets, are exposed to

heavy iron radiation (or not) at Brookhaven National Laboratory and are injected with a colon

specific carcinogen. A variety of measurements are taken at three stages of the tumorigenic

process (initiation, promotion, and final tumor development). This project also has a noninvasive

component of monitoring changes in gene expression over time as a result of radiation and

carcinogen exposure using microarray technology. If validated in rats, the diets and techniques
can be modified for future studies in humans. This noninvasive technology is also directed at

Goal 12: Develop noninvasive techniques for assessing the effectiveness of diet and physical

fitness interventions.

Skeletal Muscle Response to Bed Rest and Cortisol Induced Stress, R. R. Wolfe, PI, University
of Texas Medical Branch at Galveston, is testing an amino acid supplement designed to

ameliorate muscle wasting induced by stress-and microgravity-induced depression of protein

synthesis in a bed rest study. The study consists of 12 individuals with or without consumption

of the supplement in a 30-day bed rest trial. A unique feature of this study is the use ofa cortisol

infusion at two times during the intervention period to mimic (in part) the documented elevated

cortisol levels during space flight. Although primarily targeted to Goal 3: Reduce Risk of
Diminution of Skeletal Muscle Function, we have considered this bed rest study to be our

cornerstone project and have added a large number of ancillary grants which use the bed rest
model and the nutritional intervention to address issues related to other goals. These "add on"

projects will be discussed further in reference to Goal 14: Integrate Research and Analysis. To

summarize here, separate projects working off of the Wolfe bed rest study are targeted to: Goal

1: Reduce Risk of Suboptimal Nutritional Status; Goal 2: Reduce Risk of Suboptimal Physical

Fitness; Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function; Goal 9: Reduce Risk

of Depressed Immune Function; Goal 10: Reduce Risk of Loss of Bone Mineral Density; and

Goal 14: Integrate Research and Analysis.

Nutritional Modulation of Pancreatic Endocrine Function in Microgravity, B. W. Tobin, PI,

Mercer University School of Medicine, will determine amino acid countermeasure effects on

endocrine function of human pancreatic islets of Langerhans with the goal to optimizing insulin

synthesis and secretion under microgravity conditions. Dr. Tobin uses human pancreatic islet

cells cultured on static plates or in a high aspect ratio vessel (HARV) designed to replicate some
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of the conditions of microgravity. The goal of this research project is to determine how different

physiological conditions, characterized by over or underexpression of certain hormones, affect

insulin secretion and to develop an amino acid combination that will optimize this secretion. In

becoming part of the Nutrition and Physical Fitness Team, Dr. Tobin has added a myocyte
culture model to determine the effect of maximizing insulin secretion on muscle cell response.

In addition to targeting Goal 1 (as do all nutrition based projects), this project specifically

addresses Goal 3: Reduce Risk of Diminution of Skeletal Muscle Function, since uptake of

amino acids into muscle is governed by insulin. Optimal insulin synthesis, should maximize

uptake of amino acids into muscle and thus enhance muscle protein synthesis. The other goal

targeted by this research project is Goal 14: Integrate Research and Analysis. This goal will be

described more fully later under Goal 14, but briefly stated, Tobin's project is using the amino

acid levels found in blood of subjects from Wolfe's bed rest study who have received his amino

acid supplement. Thus, there is integration between these two projects.

Metabolic Adaptations of Skeletal Muscle to Training�Detraining. A Systems Model, M. E.

Cabrera, PI, Case Western Reserve University, uses mathematical modeling to perform

quantitative predictions of work capacity after periods of training/detraining. These models and

predictive equations are based on data from animal and human studies and will provide a

framework for quantitative understanding of the skeletal muscle metabolic adaptations to periods

of training and detraining. Part of the database used in these predictive equations is nutritional
information or metabolic status. Therefore, this research program serves to integrate both

nutrition and physical fitness and targets goals 1, 2, and 3 as well as goal 14, the integration.

We anticipate that the ground based research summarized above, combined with future projects

(discussed below) will eventually result in three fundamental countermeasure strategies to

provide optimal nutrition and physical fitness, which in turn will ameliorate the risks as

elucidated on the Critical Path. These general, broad-based strategies are summarized below.

1) Development of the rationale and mechanistic justification for a combination of

traditional and targeted functional foods which are highly palatable and designed to minimize the

risks on the Critical Path, without negatively impacting either food intake or other risks for

which they may not be specifically targeted. For example, an amino acid supplement designed

to enhance protein synthesis should not depress immune response or negatively impact bone

health. A coordinated effort at the team level is required to achieve this goal. Some of these

foods/supplements will be general to meet the nutrient requirements for all individuals in space.

Others may need to be task specific, e.g. time release energy foods for prolonged activity without

additional food intake such as may be experienced during Extravehicular Activity (EVA).

Although it is not the goal of the nutrition team to develop the foods and supplements, it is a

team goal to determine the requirements for what should be in those foods/supplements.

2) Development of an exercise protocol, and the appropriate equipment to maximize both

muscle strength, lean body mass, bone strength, and aerobic capacity. Studies will be designed to

determine the optimal as well as minimal prescription for frequency, duration, and intensity of
the exercise countermeasure to obtain the most time efficient method to maintain muscle and

cardiovascular capacity. Traditionally, this prescription is considered to involve two types of

exercise protocols (resistance training and aerobic exercise), but where possible, their integration
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shouldbe a priority. The overall intention of the physical fitness program is to produce the most

physically fit individual (from both a strength and aerobic viewpoint) in the least amount of time.

Since exercise takes time from other tasks and also requires energy input, which means greater

food intake, accomplishing this task will have many benefits. In addition, the Nutrition and

Physical Fitness Team is aware that different forms of preflight and in-flight physical exercise

are a major countermeasure thrust for the Muscle Team and will work with the Muscle Team to
coordinate and maximize the effectiveness of our collective programs to address shared goals.

3) Development of a strategy of timing of food intake with respect to physical activity.

This countermeasure plan will be key to the overall health of individuals in space. Often

overlooked, when one eats with respect to when one exercises has important consequences for

overall utilization of nutrients and for human performance. The current recommendations for

food intake timing with respect to exercise as practiced in flight are not based on strong scientific

studies. A scientific basis for the timing of food intake and exercise prescriptions is needed. For

example, R. Wolfe has shown in human studies, that providing amino acids prior to rather than

after an exercise bout will enhance protein synthesis by up to three fold. The appropriate

combination of foods or new functional foods with time release components could provide a

certain level of blood glucose over extended periods of time so that exercise or other tasks such

as EVA could be performed without stopping to eat.

Keeping these three overarching countermeasure strategies in mind, the following is a discussion

of the current status and future plans of the program with respect to the ten risk-based and four

non-risk based goals defined in our Strategic Plan. As noted above, goals 1 and 2 are considered

central to all of the other goals. They are (1) Reduce Risk of Suboptimal Nutritional Status and

(2) Reduce Risk of Suboptimal Physical Fitness. With respect to Goal 1, designing optimal diets

for individuals in space is not just taking the recommended dietary reference intake values

(DRIs) developed for Americans and Canadians and modifying them for microgravity

conditions. Optimal nutritional status for maximal performance both in space and for optimal

health after space flight has to be more than meeting minimal RDI requirements. One needs to

ask the question: "Optimal for what?" and in this case it is for maintaining muscle strength, bone
mass, immune function, etc. This fact means that all of the nutrition projects (Lupton, Wolfe

and Tobin) are addressing various aspects of what would represent optimal nutrition - Lupton

from a view towards protecting against radiation-enhanced cancer; Wolfe and Tobin from the

viewpoint of maintaining muscle mass through amino acid uptake into muscle and appropriate

insulin response.

With respect to Goal 2 (Reduce Risk of Suboptimal Physical Fitness), again, development of
successful countermeasures to meet this goal underlies all of the other goals. In many ways,

there are already potential countermeasures at a high stage of development (exercise equipment

and protocols) and with further relatively simple studies, we could have countermeasures in

place within a rapid time frame. The Nutrition and Physical Fitness Team sees Goal 2 as being

very practically oriented, rather than at the level of basic science. Protocols to be tested need to

be ones that can be used in space and should aim towards the maximum benefits in the shortest

amount of time. If funding for this team were increased, our next two subgoals within this goal

would be to: first have an exercise intervention which involves both aerobic and resistive training

and second to initiate a study designed to integrate exercise with diet (such as a study that would
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usethesameprotocolas the Wolfe bed rest study). This suggestion was also part of the request

for proposals that went out in response to the combined NASA/NSBRI grants program in late
2001.

Goal 3 (Reduce Risk of Diminution of Skeletal Muscle Function), is the primary research focus

of the current program and three out of the four projects address this goal (Wolfe, Tobin,

Cabrera). The problem addressed is that muscular inactivity leads to decreased protein synthesis.

This problem is compounded by the fact that stress (mediated by moderate hypercortisolemia)

leads to increased protein breakdown. The combined effect of decreased synthesis and increased
breakdown results in loss of skeletal muscle mass, which leads to loss of muscle strength. This

compromises crew capabilities, including EVA or potential emergency egress. Countermeasures

to these risks include an amino acid supplement designed to enhance protein synthesis (Wolfe

bedrest study) which should also enhance insulin secretion and thus amino acid uptake into

muscle and muscle synthesis (Tobin, insulin secretion). This dietary countermeasure, combined

with an appropriate physical fitness intervention should help maintain muscle strength and

aerobic capacity, positively affecting both muscle strength and uptake of amino acids into muscle

for protein synthesis. Finally, the newest addition to the team (Cabrera, modeling adaptations of

skeletal muscle), will take data from the Wolfe and Tobin and programs and combine it with

existing data from previously conducted research, to develop equations that will predict for work

capacity alter periods of training/detraining. Progress towards achieving this goal is advancing,

and the goal is adequately addressed by current research projects. In addition, as we more fully

integrate with the Muscle Team (See Goal #14), our combined strengths in this area position us

to advance rapidly through phases of countermeasure development.

Goal 5 (Reduce Risk of Radiation Enhanced Development of Cancer) is currently being

addressed by the Lupton project. Risks to personnel in space from radiation exposure are

considered to be a tier one problem by NASA. A primary risk of radiation exposure is later

cancer development. Of all the cancers, colon cancer is the second leading cause of death from

cancer in the United States today. It strikes men and women equally. On the positive side, it is

the cancer most amenable to diet intervention. Thus, studying mechanisms by which we can

protect against the development of this cancer with respect to previous radiation exposure is

important. To maximize our effectiveness in addressing this goal, future plans involve adding on

projects to work off of the Lupton rat study, since rats irradiated at Brookhaven and kept through

until tumor formation are a valuable resource that should be shared wherever possible.

Our team also has non risk-based goals which are at various levels of development at this time.

For example, Goal 12: Develop Noninvasive Technologies for Assessing the Effectiveness of

Diet and Physical Fitness Interventions is in its infancy. One important aspect of the Lupton

project is the use of microarray technology on mRNA from fecal material to see which genes are

turned on or off during particular diet interventions, which ones are affected by radiation

exposure and how these gene array patterns predict for a variety of endpoints. This patented

technique is well developed in the rat, and the plan is to later apply it to humans. As noted

previously, diet and physical fitness interventions lend themselves very well to Earth-based

applications (Goal 13). In particular, we envision a protein supplement that will enhance amino

acid uptake into muscle and muscle protein synthesis as a result of the Wolfe bed rest study.

This supplement will also be useful for individuals on earth who have muscle wasting due to a
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variety of causes. We also envision a supplement of omega 3 fatty acids combined with pectin

(a fermentable fiber) which may protect against both oxidative and alkylation damage to colonic

DNA. With colon cancer the second leading cause of death from cancer in the US today, such a

supplement could prove to be very beneficial.

Goal 14: Integrate Research and Analysis has already been a major part of the Nutrition and

Physical Fitness Team. This goal includes efforts to enhance the interaction of individual

Nutrition and Physical Fitness Team investigators a) among the current team's infrastructure, b)

among investigators within other teams (eg. Muscle, Radiation), and c) with investigators not

formally associated with the NSBRI. The activities will allow us to greatly expand the resources

of NSBRI and the ability to tackle the risks of space travel. Table 2 summarizes our current

efforts at integration. In addition to strong collaborations within our team, a few examples of

integration of the Nutrition and Physical Fitness Team with other teams or researchers outside of

the NSBRI are as follows: Lupton is collaborating with Judex (bone team) in supplying rat hind

limbs from irradiated rats on different diets. The Wolfe bed rest study is a true collaborative

effort with the following investigators/projects: P. Uchakin, Mercer University, testing the

hypothesis that stress during inactivity alters the balance between cell-mediated and humoral

immunity; S. M. Smith, NASA, JSC, The effect of bed rest and amino acid supplementation on

bone markers of calcium metabolism; R.R. Fitts, Marquette University, The effect of prolonged

bed rest and amino acid supplementation on muscle fiber function; R Stowe, UTMB, Effects of

prolonged bedrest on herpesvirus-specific immunity. Similar measurements to the Stowe bedrest

study are also being performed on the Shuttle and ISS crewmembers and so the Stowe study

would serve to complement in-flight work. Additional collaborative projects with the Wolfe

siudy include: T.P. Stein, UMD-NJ, Does bed rest + hypercortisolemia lead to increased

oxidative stress during the recovery phase?; H W Lane, NASA, JSC, The effect of bed rest and

amino acid supplementation on muscle energy production during exercise. In addition to

collaborative projects, several people who were not directly funded with NSBRI grants have

become an active part of our team. They include Helen Lane and Scott Smith from NASA/JSC

in the area of nutrition and Don Hagan, also NASA/JSC for physical fitness. These close ties to

NASA enable the Nutrition and Physical Fitness Team to be up to date on the most recent

countermeasure approaches to addressing nutrition and physical fitness related risks.
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IV. RESEARCH PROGRAM ACCOMPLISHMENTS

During the past year excellent progress has been made on each of the 4 funded projects

Specifically:

Nutritional Countermeasures to JR PI, Texas A&M University.

Risks to personnel in space from naturally occurring radiations are one of the most serious

limitations to human space missions (BEIR V, 1990; BEIR VII, 1998; National Research

Council, Washington, DC) and thus considered to be a Tier 1 problem for NASA. One of the

most important adverse effects of radiation exposure is increased risk for cancer, and colon

cancer is the second leading cause of death from cancer in the US today, striking men and

women almost equally. Fortunately, of all the cancers, colon cancer has been shown to be the

most responsive to diet. Colon cells are arranged in patterns called crypts (Figure 1) in which

cells are born towards the bottom of the crypts and daughter cells may migrate up the side of the

crypt eventually being exfoliated into the fecal stream. However, radiation may induce oxidative

damage to DNA in these cells, whereas a chemical carcinogen may induce methylation damage

to DNA. Once damaged, DNA can be repaired by DNA repair enzymes, or the cell can be

removed by programmed cell death (apoptosis), if neither of these events occurs, the cell may go

on to become a cancer cell (Figure 2).

Figure 1. Diagram of two colon crypts Figure 2. Diet effects on the initiation of cancer
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Lupton et al. have shown that a combination of fish oil (high in n-3 fatty acids) and a

fermentable fiber (pectin) can upregulate apoptotic removal of DNA damaged cells. The

purpose of the NSBRI study is to determine if radiation exposure is promotive of chemically

induced colon cancer, thus the experimental design is as shown in Figure 3. The first experiment

was initiated in January 2001 in which rats were irradiated with 1 GY heavy iron at Brookhaven

National Laboratory and then injected with the colon specific carcinogen azoxymethane (AOM).

An equal number of rats were injected with AOM but not exposed to radiation. Results clearly

show that there is a promotive effect of the radiation with respect to colon cancer development.

Colon cancer proceeds in stages and an intermediate stage is aberrant crypt development. Figure

4 shows a segment of rat colon with several foci of aberrant crypts visible. Figure 5 shows one

of the results from this initial study in that the rats that were irradiated and injected with AOM

had significantly greater numbers of aberrant crypts than did those that were injected with AOM

but not irradiated (P=0.0009). In addition, there were a greater number of aberrant crypts/focus

(considered more predictive of colon tumors) in the irradiated group compared to the non-

irradiated group (P=0.0084).
Figure3. Experimental Design for NSBR!

study

• 560SpragueOawleyrats.2 x 2 x 2 factorial
design
- Corn oil, fish oil

- Pectin, cellulose

- +/- radiation (I Gy heavy iron)

- All + AOM (Colon specific carcinogen)

• Specific Aims

- Effect on initiation, aberrant crypts, tumors

- mRNA from fecal material predicts the

OUtCOmeS

Figure 4. Aberrant crypts in rat colon. Figure 5. Aberrant crypts in irradiated vs
non-irradiated rats
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Currently mRNA from the same rats in this experiment is being subjected to both microarray and

real time PCR to determine which genes were up or down regulated by the radiation and

carcinogen treatments. Also, one half of the control rats for the large NSBRI supported study)

are currently in house, receiving experimental diets.
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In February 2002, half of the rats that will receive radiation treatment were irradiated at

Brookhaven National Laboratory. In November, 2002, the remaining rats will be irradiated. To

summarize, this project is proceeding on schedule, and the initial results confirm the hypothesis

that radiation exposure on top of chemical exposure, enhances colon tumor development.

Skeletal Muscle Response to Bed Rest and Cortisol Induced Stress, R. R. Wolfe, PI, University
of Texas Medical Branch at Galveston.

Figure 6 shows the overall protocol for each subject in the Wolfe bed rest study. The purpose of the study is to
determine if an amino acid supplement can ameliorate the negative effects of bed rest (a proxy for microgravity) on

muscle protein synthesis. The composition of the amino acid supplement is shown in Figure 7.

Figure 6. Time Line for each subject in the Figure 7. Composition of the supplement
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This research project is proceeding ahead of schedule.

study. The first subject is shown below in Figure 8.

Figure 8. Subject in Wolfe bed rest study.

To date, all subjects have completed the

Most importantly we have chosen the bed rest study as the comerstone of our program, and as

such have requested and received funding for a number of important additional projects which

use samples from this study. The following are descriptions of "add ons" to the Wolfe bed rest

study.

1. Helen Lane, Ph.D.

NASA Johnson Space Center

Houston, TX

Title: Response of oxidative capacity in skeletal muscle to prolonged bed rest.

The NSBRI project evaluates a nutritional countermeasure, protein/amino acid supplementation,

on leg muscle performance after a month of bed rest. As part of this overall project, Dr. Helen

Lane is leading the NMR spectroscopy for determination of oxidative capacity of calf muscle

before, during, and after exercise. Phosphorus NMR spectroscopy is a technique to continuously

follow high energy metabolism in a localized tissue by determination, using P31, of levels of

inorganic phosphate, phosphocreatine, and ATP along with calculation of muscle pH. This

technique also allows for determination ofcreatine kinase reaction at rest and during exercise in

skeletal muscles. Creatine kinase catalyses the reversible transfer of high-energy phosphate

groups ofphosphocreatine to and from adenosine diphosphate. Muscle countermeasures such as

training programs changed these parameters both in the level ofphosphocreatine as well as the

time to recovery ofphosphocreatine after fatiguing exercise. The plan is several fold: First, we

need to develop the hardware (exercise device, interface for quantification, and other analytical

efforts such as precision and reprodiacibility) and the software interface to determine the

oxidative capacity of calf muscle with phosphorus NMR spectroscopy. Next, we will examine

the difference in these parameters before and after 28d of bed rest with and without the

countermeasure. Our hypothesis is that in subjects without the countermeasure phosphocreatine

will be lower at rest and decrease more during exercise than those subjects with a

countermeasure. Furthermore, the regeneration of phosphocreatine will be faster in those who
have the countermeasure. These measures will be correlated with muscle function (strength

measures) and single fiber analyses performed by Bob Fitts (as a separate add-on project). Thus,

we will not only determine the effect of bed rest on muscle oxidative capacity, but the relation of
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oxidative capacity to muscle function. This project is being conducted at no additional cost to

NSBRI.

2. Scott M. Smith, Ph.D. (Also a collaborator on the Tobin project)

Research Nutritionist

NASA Johnson Space Center

Houston, TX
Title: Markers of bone and calcium metabolism

Dr. Scott M. Smith's supplement to the Wolfe project is designed to measure markers of bone

and calcium metabolism in the bed rest subjects. These include serum osteocalcin and bone-

specific alkaline phosphatase, and urinary collagen crosslinks. Osteocalcin and Bone-Specific

Alkaline Phosphatase are both bone formation markers. The collagen crosslinks are bone

resorption markers, and represent a family of compounds which include n-telopeptide,

pyridinoline, and deoxypyridinoline, among others. Their analyses will tell us if the Wolfe

countermeasure, obviously aimed at muscle tissue, has any impact on the bone side of the

musculoskeletal system. At present Dr. Smith has approximately 1/3 of the samples, but is

awaiting analysis until after all samples are collected, to analyze these in one batch.

3. Raymond P. Stowe

Assistant Professor (Research), Pathology

University of Texas Medical Branch

Galveston, TX

Title: Changes in antiviral immunity during bed rest

Dr. Raymond P. Stowe's project measures changes in antiviral immunity. These measurements

are also being performed on the Shuttle and ISS crewmembers through his NASA grant (Epstein-

Barr virus flight grant). These include measurement ofviral load in blood, urine, and saliva

samples using molecular methods. In addition, he will measure virus-specific immunity by

measuring anti-viral antibody titers and antigen (virus)-specific T-cells to correlate with viral
load.

4. Brian W. Tobin, Ph.D.

Associate Professor

Mercer University School of Medicine

Macon, GA

Title: Blood amino acid levels from Wolfe project for use in Tobin project

In order to test the same protocols in several model systems, the amino acid blood levels

produced by the Wolfe supplement have been quantitated and will be used as one of the

interventions in the Tobin protocol. This is at no added expense to NSBRI.

5. Peter N. Uchakin, Ph.D. (Also a lead investigator on the Tobin project)

Lead Research Scientist

Division of Basic Medical Sciences

Mercer University School of Medicine

Macon, Georgia
Title: The effect of bed rest and corticosteroid treatment on the secretion ofpro- and anti-

inflammatory cytokines
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Dr. PeterN. Uchakin is investigatingtheeffectsof bed-restandcorticosteroidtreatmenton the
secretionof pro-andanti-inflammatorycytokinessuchasIL-1, IL-6 andIL-10. In addition,Dr.
Uchakinwill assessimmunocytedistributionin wholeblood.

6. Robert Fitts, Ph.D.

Marquette University

Milwaukee, WI

Title: Single muscle fiber function in response to bed rest and nutritional intervention.

Investigation of the contractile properties and force of single muscle fibers of the soleus

(predominantly Type 1) and vastus lateralis (predominantly mixed) in response to prolonged bed
rest with and without the nutritional intervention.

7. T.P. Stein, Ph.D.

Professor of Surgery
UMDNJ-SOM

Stratford, NJ

Title: Markers of oxidative stress

Oxidative damage from free radicals to DNA and lipids has been implicated in the etiology of a

wide variety of chronic diseases and acute pathological states. Dr. Stein and his colleagues had

the opportunity to obtain data on the question of whether space flight has any effect on the

oxidative status of astronauts. They measured the urinary excretion of 8-iso-PGF2a and 8-oxo-

7,8 dihydro-2 deoxyguanosine (8-OH dG) on 6 subjects (2 US astronauts and 4 Russian

cosmonauts) before, during and aider long duration space flight on the Russian space station

MIR. The urinary excretion of the isoprostane 8-iso-PGF2a and 8-OH dG are markers for

oxidative damage to lipids and DNA respectively.

There was a trend towards an increase in 8-OH dG excretion in flight. Both 8-iso-PGF2a and 8-

OH dG excretion were double post flight indicating that oxidative stress was double. The

increase persisted for the two-week observation period. The level was akin to smoking a pack of

cigarettes a day. The increased oxidative stress damage post flight most likely reflects impaired

endogenous anti-oxidant defenses. (Subjects took vitamin capsules throughout the study period).

The down regulation of protein metabolism that occurred on MIR could cause some loss of

protein-based antioxidant systems. The likely causes of the compromised protein metabolism

are: (i) the combination ofreductive remodeling in response to the loss of load and the chronic

under-nutrition that occurred on MIR and (ii) competition post flight for amino acids between

synthesis of defense related proteins and repleting muscle leading to sub-optimal availability of

host defense mechanisms.

The problem being addressed is how to study this problem on the ground. The need is for an

acceptable ground based model. At present there is no such model. The objectives of this

supplementary project are therefore to determine whether cortisol administration to bed rest

subjects reproduces the flight situation. Given a model, counter-measures can be explored. Thus

the hypothesis being tested is that bed rest plus cortisol reproduces the flight result. Dr. Stein will

use the urinary excretion of the isoprostane 8-iso-PGF2a and 8-oxo-7,8 dihydro-2

deoxyguanosine (8-OH dG) to assess oxidative damage to lipids and DNA respectively in the

urines from Dr. Wolfe's study.
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In summary,theWolfe/Ferrandobedreststudyisproceedingaheadof scheduleandall aspects
of thestudyareon target. Important,wehavechosenthis studyasthecornerstoneof our
programandhaveacquiredadditionalfundingfor "add onprojects"which will capitalizeonthis
well controlledstudy. Weareveryoptimisticthatdefinitivedatawill beobtainedfromthis
studywhichcanbeusedin theverynearfutureto enhancelongtermtravel in space.Examples
of answersthatwill beobtainedare: whetheror not anaminoacidsupplementamelioratesthe
declinein proteinsynthesisseenin space;if supplementsinterferewith proteinsynthesisfrom
meals;ifcortisol infusion in additionto bedrestis abettermodelfor whatactuallyoccursin
space;if differentmusclefiber typesareequallyaffectedby bedrestandcortisol; if this
nutritionalinterventioncanaffectbonelossandmusclestrength,amongmanyotherquestions.

Nutritional Modulation of Pancreatic Endocrine Function in Microgravity, B. W. Tobin, PI,

Mercer University School of Medicine, is determining amino acid countermeasure effects on

endocrine function of human pancreatic islets of Langerhans with the goal to optimizing insulin

synthesis and secretion under microgravity conditions. In addition, he has modified his protocol

to include addressing these effects on human myocytes isolated from the same cadavers as the

pancreatic islet cells. Figure 9 shows the model used by Tobin et al. Islets or myocytes are

cultured in "microgravity" or static plate controls. The HARV rotates at 10 RPM, and islets are

eliptical orbit-suspended in media. Measurements are made of medium glucose, lactate,

hormones and amino acids. Specific aims of this project are (1) to assess the effect of a

microgravity model system on basal amino acid requirements and endocrine secretory function

in human islets of Langerhands and (2) to determine human islet endocrine function while testing
amino acid countermeasures. Results from the first set of studies illustrate (1) decreased glucose

utilization, (2) enhanced insulin secretion, (3) increased utilization of cysteine, and (4) increased

production of ornithine, presumably from arginine. Tobin is now beginning the initial testing of

countermeasures, to normalize the hormonal secretory profile. This will consist of two amino

acid mixtures: (1) the Wolfe mixture and (2) the Tobin formula which is higher in arginine and

cysteine as well as other amino acids utilized at high rates. His experimental design for the

studies is shown in Figure 10.

Figure 9. HARV Microgravity Model Figure 10. Tobin Experimental Design



Page 17

In the time that Dr. Tobin has been funded, he has obtained an R15 grant from NIH which

allowed him to concentrate more on countermeasures with the NSBRI project. He has published

two abstracts and has been interviewed on international television on this NSBRI project and on

National Public Radio. He has published one of the articles in the special addition of Nutrition

(On nutrition in space). He is actively collaborating with Wolfe/Ferrando and in fact Peter

Uchakin (an investigator on the Tobin project) is now working with Wolfe/Ferrando on site (see

the Wolfe/Ferrando summary above).
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National Space Biomedical Research Institute
NUTRITION, PHYSICAL FITNESS AND REHABILITATION PROGRAM

Table 1. Project Research Activities

III .......

Pl/Project

CABRERA/Metabolic

Adaptations of Skeletal Muscle

to Training/Detraining. A
Systems Model

LUPTON/Nutritional
Countermeasures to Radiation

Exposure

TOBIN/Nutritional Modulation

of Pancreatic Endocrine

Function in Microgravity

WOLFE/Skeletal Muscle

Response to Bed Rest and
Cortisoi Induced Stress

Risk(s)
Addressed

Diminished muscle
function

Radiation-induced

carcinogenesis

Diminished muscle
function

Diminished muscle

function

Countermeasure

Target

Exercise

Diet/Nutrition

Diet/Nutrition

Experimental
System

Computer
Simulations and

experimental data
on rats and humans

Rat

Cultured pancreatic
islet cells (HARV)

Human bed rest

Phase 1 Activities:

Focused

Mechanistic

Research

Integrate existing

knowledge into
computational models
of muscle metabolism

Test diets in rats + or - a

colon specific

carcinogen with or
without radiation

exposure to see which
diet is protective against
radiation and

methylation damage,

and how it protects
Determine nutrient
needs of human

pancreatic islet cells
under different

hormonal conditions

designed to mimic

microgravity and stress

Determine if a glucose/

amino acid supplement
helps to ameliorate
depressed protein

synthesis, muscle
wasting and loss of

muscle strength
_m

Diet/Nutrition

Phase 2 Activities:

Preliminary
Countermeasure

Development
Research

Predict effects of muscle

mass loss and changes

in fiber type distribution
on muscle metabolism

Predict effects of the

optimal diet at each

stage of the tumorigenic
process and optimize
noninvasive recovery of
mRNA from exfoliated

colon cells to predict
and monitor the

turnori_enic process
Develop a nuUition
intervention to

ameliorate the depressed
insulin secretion from

human pancreatic islet
cells

Optimize the
supplement and the

timing of the
supplement with respect
to exercise

Phase 3 Activities:

Mature
Countermeasure

Development
Research

Predict effects of

detraining and/or

exercise training on
metabolism and work

capacity

Develop and test
dietary supplements
that will decrease
oxidative and

methylation damage
to colonic DNA and
monitor their

effectiveness through a

noninvasive technique
Test the diet

intervention strategy
in a bed rest/cortisol

stressed research

program

Formulate the

supplement for timed
release, palatability,
etc.
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National Space Biomedical Research Institute
NUTRITION, PHYSICAL FITNESS AND REHABILITATION PROGRAM

Table 2. Integration Activities

Internal

Communication

CABRERA

Metabolic

Adaptations of
Skeletal Muscle

to Training/
Detraining. A

Systems Model

LUPTON
Nutritional

Countermeasures

to Radiation

Exposure

Integrated
Experiment

Development

Sample Sharing

Synergistic
Studies of

Opportunity

!Development of

Computer Model
of Integrated
Human Function

Entire team at

meetings and
telecons

Integrate

existing
knowledge into

computational
models of

muscle
metabolism

using data from
nutrition and

physical fitness,
literature, and

the muscle team
Data from

Wolfe, Lupton,
Schneider,
Baldwin

(muscle team)
and others from
muscle team

Aerobic and
resistance

exercise

training with
humans, and

applying this to
his model

This is exactly

what the project
is and should be

an integrating
force for the

entire team.

Entire team at

meetings and
telecons

Uses the same

strain of rat and
the same radiation

protocol at
Brookhaven
National Lab as

does the Dicello

rat long term
studies (Radiation

Team). Thus
results can be

compared.
Tobin will use

pancreas from
Lupton rats. S.
Judex (bone team)
will use rat hind

limbs, H. Hogan,
TAMU, will use
other bones.
Planned

integration with
A. Kennedy of
radiation team for

potential cross-
uge of each

other's diet
interventions

Data from this

project will be

used by Cabrera
for his prediction
equations.

TOBIN Nutritional

Modulation of Pancreatic
Endocrine Function in

Microgravity

Entire team at meetings
and telecons

Tobin has redesigned his

protocol as a result of
talks with team members

to include myocyte
cultures. He is also using
blood from Wolfe study
to determine levels of
amino acids to use in his

cell culture system. P.
Uchakin, a co-investigator

with Tobin, is now

collaborating with Wolfe

Will use pancreas from
Lupton, will provide
pancreatic cells to R
Walzem, TAMU, for lipid

analysis

Future goal is to fly the

HARV with pancreatic
cells in space to determine
how well the results

mimic his system on earth

Currently this research is
all ex vivo and not

suitable for the integrated
function component

which we are only doing
in animals and humans

WOLFE/Skeletal

Muscle Response to
Bed Rest and Cortisol
Induced Stress

Entire team at

meetings and
telecons. P. Uchakin

from Tobin project is
now situated in
Wolfe lab.

This bed rest study is
highly integrated

with a variety of
projects. The same
amino acid

supplement is tested
in the Tobin project
and we plan to have it
tested in the Baldwin

rat model (Muscle
Team).

There are currently
seven "add on"

projects to the bed
rest study. See
discussion of Goal 14

in this report.

This study maximally
capitalizes on

synergistic
opporttmities which
have arisen in the

course of meetings
and telecons to

expand the program
with "add on" grants.

Data from this project

will be used by
Cabrera for his

prediction equations
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ABSTRACT

For the first time, all four new projects successfully completed experiments in the past year with

protons at the Loma Linda University Medical Center and energetic heavy ions at the

Brookhaven National Laboratory. The group's activities represent a major fraction of the total

research for Radiation Health at the Brookhaven NASA facility. The team will participate in the

upcoming accelerator run that is scheduled to start at Brookhaven shortly.

Most recently, Dr. Ann Kennedy's group has compared the efficiency of four types of radiation

in inducing oxidative stress in cultured cells and has identified several candidate agents that are

highly effective in preventing radiation induced oxidative stress in vitro.

Dr. Chang's analysis of mutation frequency (MF) in the lacZ reporter transgene of mice exposed

to acute doses of Gy proton irradiation showed that spontaneous lacZ MF in the control animals

is tissue specific (spleen > brain).

Dr. Vazquez has exposed human neural precursor cells (NT2) and rodent glial progenitor cells

(CG4) to acute doses of 0.1 to 6 Gy of heavy ions (Fe and Si, BNL-8) and gamma irradiation.

Apoptosis induction as a function of time post irradiation was measured, with a dose-dependent

peak induction of up to eight-fold above control levels after heavy ion, proton and gamma

exposures. Estimated RBE's for apoptosis are the following Fe: 6, Si: 4 and protons: 1.

Apoptosis pathways were examined at Doses as low as 0.25 Gy.

In parallel with the in-vitro studies, 498 C57B1/6 male mice were exposed to 1 Gev/n Fe ions at

AGS and gamma rays. Monthly evaluation of the effects of heavy ion and gamma radiation on

memory were carried out and monthly monitoring of. cocaine-induced locomotor activity of

heavy ion and gamma irradiated mice was done.

Dr. Dicello's group has produced an analysis of the first completed cohort of female Sprague

Dawley rats exposed to iron, protons, and gamma rays and has obtained risk estimates for

mammary cancer. The relative biological effectiveness of the ion ions was between about 6 and

16 relative to gamma rays with that for protons being about one. These values are generally

lower than those obtained for that obtained for tumorigenesis of the Harderian gland of the

mouse. Three other cohorts remain under care, including those being treated with Tamoxifen as

a countermeasure.

In studies being led by Dr. Huso and not yet completed, he has shown that tamoxifen markedly

reduces the incidence (reduces slope) and prolongs the latency (shift to the right) of mammary

carcinomas in animals following iron ion radiation exposure. It appears that tamoxifen

chemoprevention is similarly effective following exposure to photons or protons. Similar

positive trends are emerging concerning tamoxifen's impact on improving survival following

irradiation.

The group's activities resulted in several invited presentations at international meetings including

the keynote address at the 2 nd International Workshop on Space Radiation Research, the key

annual meeting in our field, an invited presentation at the 2002 annual meeting of the National

Council on Radiation Protection and Measurements (NCRP), and the American Society for

Gravitational and Space Biology (ASGSB).





INTRODUCTION
The risks to humanhealth inherentin spaceexplorationareenumeratedin the NASA Critical
Path Roadmap,which lists radiation asone of the four SevereType I Risks-themost critical
type. It follows that theprincipalgoalsof theNSBRIRadiationProgramare 1) to improvethe
predictions of risks to human health from spaceradiations and 2) to provide effective
countermeasuresthat will significantlyreducetheserisks. The following risks in the Radiation
EffectsDiscipline Area of NASA Critical PathRoadmaphavebeenidentified, and all but the
final one are actively beingaddressedto varying levelsby the Team (NASA risk number in
parentheses):CarcinogenesisCausedby Radiation(38), Damageto Central Nervous System
from RadiationExposure(39),SynergisticEffectsfrom Exposureto Radiation,Microgravity and
Other SpacecraftEnvironmentalFactors(40),Early or Acute Effects from RadiationExposure
(41), andRadiationEffectsonFertility, Sterility,andHeredity(42).

The radiationrisk areasin termsof long-termmissions,both low-earthorbit or extraplanetary,
andtheir relation to the overall spaceprogramareshownin the Fig. 1 adaptedfrom NASA's
Critical PathRoadmap.

Radiation Effects Risk Area

Initiating Overarching Risk Risks/Outcomes Consequences

Events Concern Factors

Fig. 1 Roadmap of critical hazards, strategies, and countermeasures
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The underlying philosophy of the program's approach is adapted from that proposed in the

NASA report on Modeling Human Risk (1997), i.e., that experimentally determined risks for

carcinogenesis and CNS damage in appropriate animal models with corresponding in-vitro
measurements can be used to validate theoretical mechanistic relations between animal results

and human response. These mechanistic theoretical models, then, can be used to extrapolate

known responses of humans to acute exposures of low-LET radiations to expected responses to
protracted exposures to protons and HZE particles. When such relations have been established,

then this same process and these same animal and cell models can be used to determine the

potential of pharmaceutical agents, including both chemopreventive drugs and dietary

supplements, for reducing risks. This is illustrated schematically in the figure below which is a
revision of that proposed in the NASA report on modeling human risk (1997) and Dicello (J. F.
Dicello, "How Do We Get from Cell and Ahaimal Data to Risks for Humans from Space

Radiations.'?" Joumal of Radiation Research. In press (2002)).

Calculated Value

Human Cancer and

CNS damage by HZE

particles in space

Relationship

modeled by D?

b

Relationship

modeled by B?

Surrogate endpoint

biomarkers for cancer &

neurotoxicity induced by

HZE particles in

cultured human cells

Experimental Value

Nature and

relative sensitivity

to HZE particles

Experimental Value

Rodent cancer and CNS

damage by HZE

particles in laboratory

B

Nature and relative

sensitivity to HZE

particles

Surrogate endpoint

biomarkers for cancer &

neurotoxicity induced by

HZE particles in cultured

cells

Experimental Value

Adapted from Modeling Human Risk: Cell & Molecular Biology in Context, 1997

Fig. 2: A schematic description of the procedure for obtaining risk from radiation exposures of

humans using mechanistic theoretical models with animal and cell data.
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DESCRIPTION OF CURRENT (FY 2001-2002) PROGRAM
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Fig. 3: Present structure of the NSBRI Radiation Team along with active

collaborations of members of Radiation with other team members and researchers

outside of the NSBRI.

The present Team organization and design, as outlined in Fig. 3, evolved from the original

missions of the NSBRI and the Phase-I and Phase-II NSBRI proposals to NASA, as well as the

recommendations of the NSBRI External Advisory Council, the NSBRI Board of Scientific

Councilors, and peer review of the individual projects. The overall philosophy is that the Core

Project provides in-vivo results for risks of cancer and other diseases and the Chemoprevention

Project provides proof of principle and feasibility for risk reduction from low-dose exposures

from protons and energetic heavy ions (HZEs) using acceptable levels of pharmaceuticals.

Tamoxifen was chosen for this benchmark study because it is a drug widely used as a treatment

drug for cancer, i.e., therapy rather than prevention, and its effects for x-rays under these

circumstances are well known. The Cytogenetics projects, including that of Chang, give us

cellular and cytogenetic data for cells irradiated in the animal or in-vitro. The investigation of

pharmaceutical countermeasures includes a search for nontoxic dietary supplements, such as the

work of Kennedy et al., that will reduce radiation risks. Although the primary risk appears to be

cancer, damage to the central nervous system (CNS) may be significant, but the level of risk is

poorly known. Dr. Vazquez is examining both the in-vivo effects of proton and HZE exposures

and the cellular effects in vitro. Finally, the Core Project assembles all of the data to calculate

risks in the animal model. Dr. Dicello has been collaborating extensively with scientists at both

JSC and NASA Headquarters, particularly with Dr. Cucinotta's group at JSC, to develop
mechanistic theoretical models. This collaboration has resulted in several publications

addressing biological risks with impacts in reference to strategies for different flight scenarios, as
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well as shielding requirements. Thesecollaborationswith NASA personnelare not funded
throughtheNSBRI.

BACKGROUND
Backgroundfor the RadiationEffects Teamis included here in recognition of the changing
compositionof theExternalAdvisoryCommittee.

Almosteveryreviewof radiationproblemsin spacehasrecommendedtheuseof animalstudies
to quantifytherisks to thesetypesof radiationandto pursuelikely countermeasures.Until the
presentseriesof experimentstherehadbeenonly onecomprehensiveanimal studyto investigate
theeffectsof ionsof high atomicnumberandhigh energy,HZEs.Alpen et al. (1993)conducted
that experimentwith the BerkeleyBevalac,which hasbeen out of commissionfor almosta
decade.Thoseexperimentshaveprovided invaluabledataon carcinogenesisin theHarderian
glandof a mousemodelasa function of linearenergytransfer(LET), andthey haveprovideda
cornerstonefor risk assessmentsin spaceduring the last decade. No comparableseriesof
experimentshadbeenconductedto evaluatetheuseof drugsto reducethe risk of cancerfrom
exposuresin space.

As aresult of scientific reviews,meetings,anddiscussionsduring the developmentalperiodof
theNSBRI, theCore-Projectproposalchoseasits animalmodelthe femaleSprague-Dawleyrat
to be irradiatedwhole-bodywith HZE's, protons,or photons,in order to evaluatebiological
consequencesincludingmalignantandbenigntumorsat all sites,but particularly thebreastand
thepituitary andothersignificantdiseases.Themultiplemotivesfor thischoice arepresentedin
detail in the 2000 Final Report for the Core Project; but this choice was ultimately the one
recommendedby the membersof the ExternalAdvisory Council. Animal experimentsof this
typegenerallywerenot donepreviouslybecauseof the complicatedlogisticsandthesubstantial
expense.Only threefacilities in theworld, oneatBrookhavenNational Laboratoryin New York
State,onein Germany,andonein Japan,producedthenecessaryacceleratorHZE beams. The

costs for HZE beam time is millions of dollars a year, far in excess of any funds available from

the NSBRI. Only about 150 hours a year are available for all space-biology irradiations in the

U.S.A. Finally, no one had ever carryied out experiments with energetic charged particles at

multiple facilities, including Loma Linda University with its energetic proton synchrotron. (The

previous study by Alpen et al. was done at a single site by on-site staff.) The logistics of

transporting thousands of animals between multiple facilities in controlled, isolated

environments and keeping them alive subsequently for three or more years was at best a

challenge. To fully exploit the value of the results, the team offered colleagues in the other

projects and other institutions the option to join forces to maximize the production of useful
scientific data with the irradiated animals and to provide different information correlated to the

same animal species and to humans so that the results could be applied most efficiently to

humans in the space environment. Two projects other than the Core successfully survived the

review process initially with two joining forces to use the Sprague-Dawley, one studying

Tamoxifen (Howard/Huso) as a chemopreventing agent and the other to look at cytogenetics to

predict cancer risks (Williams) and to correlate the Sprague-Dawley results to human mammary

cells, human lymphocytes, and eight different human colorectal cell lines with varying status of

p53 expression. The third project (Sinden) proposed originally to use low-energy helium
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microbeamsto study repeatedDNA sequencesusing techniquesthat were establishedat that
time only for mouse models. During the interveningtime, the principal investigatorhas
redirectedthe project goals to study the more energeticiron beam at BNL and has been
developingreporterconstructsfor the Sprague-Dawleyrat. That focused,cooperativeeffort
succeededin the implementationand executionof oneof themost relevantbut most difficult
seriesof experiments performed as part of NASA's Life Sciences program in at least a decade.

At the end of the first three years of the team program, the investigators had designed, built, and

successfully implemented systems to transport and irradiate both animals and cells. Four series

of experiments were performed, each examining the consequences of 1-GeV iron ions, 250-MeV

protons, and gamma rays from cesium-137 and cobalt-60, as well as sham irradiations. In each

case, the animals were irradiated whole body at doses comparable to those expected in space.

The animals are cared for and monitored daily, and all diseases are medically treated.

We now have statistically significant data for the risk for mammary fibroadenomas and

adenocarinomas and for pituitary-related diseases as functions of particle type, dose, and time, as

discussed at length in the project reports. In parallel with the animal experiments, we have been

examining cell systems. The principal objectives of these projects were to examine cell survival,

cytogenetic damage, and DNA deletions and recombinations, to understand the initial damage

and the mechanisms responsible for the initial damage and the subsequent promotion and

progression of the diseases. We are developing theoretical models to simulate the biological

alterations and the in-vivo responses. We have used our data and models for preliminary

calculations for the risk of carcinogenesis in the animals.

GOALS:

This team has eight scientific goals for its program: 1) the reduction of risk of carcinogenesis

caused by radiation; 2) the reduction of risk of damage to the central nervous system from

radiation exposure; 3) reduction of the risk of synergistic effects from exposure to radiations,

microgravity and other spacecraft environmental factors; 4) reduction of the risk of early or acute

effects from radiation exposure; 5) reduction of the risk of radiation effects on fertility, sterility,

and heredity; and the non risk-based goals of 6) developing methods for assessing level of health

risk, prevention of diseases, and appropriate medical care; 7) developing Earth-based

applications; and 8) integration of research and analysis.

RESEARCH PROGRAM ACCOMPLISHMENTS

TEAM ACTIVITIES

The newest principal investigators,'Drs. Ann Kennedy and Polly Chang successfully submitted

proposals and protocols for beam time at Brookhaven National Laboratory (BNL) and Loma

Linda University Medical Center (LLUMC) (protons), and both have only recently had

successful runs at both facilities. Kennedy will return to BNL for the next run in November,

2002. Dr. Vazquez also continues CNS studies at BNL and LLUC as well as in Japan. Drs.

Dicello and Huso previously completed NSBRI irradiations at BNL and LLUMC, and the animal

colonies for studying carcinoma incidence and Tamoxifen intervention are proceeding on

schedule. They have not participated in the most recent runs based on an EAC recommendation
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throughDr. Ron White. Onecohorthasnow producedsignificantdata that havebeenanalyzed
andsubmittedfor publication.

A brief descriptionof currentresearchefforts for eachinvestigatoris presented,startingwith the
newer projects, followed by material on collaborations and recent grant and publication
activities.

Kennedy:Countermeasuresfor Space Radiation Biological Effects

Countermeasure: Dietary supplements prior to and after exposure to radiation to reduce the

cancer incidence.

The original aim of this study was to select a formula of dietary supplements that protect against

space radiation-induced biological effects, with particular emphasis on radiation-induced
oxidative stress and cancer. In the initial phase of the study, which was expected to take 18

months, we have performed studies to select dietary supplement agents that are most effective in

suppressing radiation-induced oxidative stress in vitro and in animals. It was expected that a

radiation carcinogenesis study would take place after the initial phase of the study to determine

the effects of the selected dietary supplement agents in preventing radiation-induced cancer

development. The effects of the selected dietary supplement agents on radiation-induced

oxidative stress and radiation-induced carcinogenesis would then be compared to determine

whether the two effects are related. The two specific aims of the first 18 months of the study

were to select dietary supplement agents and agent combinations that reduce radiation induced

oxidative stress in cultured cells and determine the effect of selected dietary supplement agents

on radiation induced oxidative stress in Sprague-Dawley rats.

New Research Findint!s:

1) We have developed and optimized a dichlorofluorescein (DCF) fluorometric assay that can

reliably detect oxidative stress induced by radiation at doses as low as 1.4 cGy, and can be used
to evaluate the effects of various agents on radiation induced oxidative stress in vitro.

2) We have compared the efficiency of four types of radiation in inducing oxidative stress in
cultured cells and observed that ")-rays, X-rays, protons and HZE particles (1-GeV iron ions) are

about equally efficient in inducing oxidative stress in cultured cells.

3) We have selected several candidate agents that are highly effective in preventing radiation
induced oxidative stress in vitro. The short list of the selected agents includes ascorbic acid, N-

acetyl cysteine, co-enzyme Q10, 3,-lipoic acid, L-selenomethionine and vitamin E succinate.

These agents, when used alone or in combination, are highly effective in preventing radiation
induced oxidative stress in cultured cells, and their effects are consistent and reproducible for all

of the different types of radiation sources used to induce oxidative stress in these studies.

4) We have verified that an in vitro transformation system based on HTori-3 cells can be used to
evaluate the effects of selected agents on malignant transformation induced by the various types
of radiation.

5) We have observed that dietary supplementation with agents that prevent radiation induced
oxidative stress enhanced the bio-reduction capacity in Sprague-Dawley rats irradiated with 7-
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rays or protonsandpreventedthe reductionof bio-reductioncapacityin Sprague-Dawleyrats
exposedto radiationwith 1-GeViron ions.
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Fig. 4A: A. Radiation with 1 GeV iron ions increased the level of oxidative stress, measured as

cellular fluorescence, in MCF10 human breast epithelial cells. The increased level of oxidative

stress was observed in cells irradiated with doses as low as 5 cGy. The presence ofascorbic acid

or L-selenomethionine during irradiation protected the cells against the radiation induced

oxidative stress.

Fig 4B: Radiation with 1 GeV iron ions (200 cGy) caused a reduction in the serum level of total
antioxidants in Sprague-Dawley rats. Diet supplementation with L-selenomethionine alone (Diet

B) or in combination with ascorbic acid, N-acetyl cysteine, vitamin E succinate and co-enzyme

Q10 (Diet A) prevented the decrease in the serum levels of total antioxidants in the irradiated

rats.

Fig. 4C: Radiation with protons increased the level of oxidative stress, measured as cellular

fluorescence, in MCF10 human breast epithelial cells. The increase in oxidative stress was
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observedin cells irradiatedwith dosesaslow as5 cGy. Thepresenceof ascorbicacid,N-acetyl
cysteineor L-selenomethionineduring irradiation protected the cells against the radiation
inducedoxidativestress.
Fig 4D: Diet supplementationwith L-selenomethioninealone(Diet B) or in combinationwith
ascorbicacid,N-acetylcysteine,vitamin E succinateandco-enzymeQ10 (Diet A) increasedthe
serumlevelsof totalantioxidantsin Sprague-Dawleyratsirradiatedwith protons(200cGy). The
increase in the serum levels of total antioxidants was not observed in rats fed with the control

AIN-93G diet.

Implications

The results of our experiments performed during the first year of this research project have laid a

solid foundation for the research investigations described in our grant. With the development

and optimization of the DCF fluorometric assay, we now have a very reliable method to detect
oxidative stress induced by radiation at very low radiation doses and to evaluate the effects of

candidate agents on radiation induced oxidative stress. The discoveries that the four types of

radiation were about equally effective in inducing oxidative stress in cultured cells, and that the

effect of the antioxidants and dietary supplement agents on radiation induced oxidative stress did

not change substantially in experiments using different types of radiation, suggest that the results

obtained with one type of radiation are highly indicative of the results with other types of
radiation. Thus, most of the experiments needed for the development of countermeasures for

space radiation induced oxidative damage in future studies can be carried out using "y-rays and/or

X-rays, which are readily available for routine use in experiments. The scarce resources of

protons and HZE particle radiation can be saved for the confirmation of results and validation of

important findings observed in studies performed using the readily available types of radiation at

the University of Pennsylvania.

We have also confirmed that the HTori-3 cell based in vitro transformation system can be used to

evaluate the effects of candidate agents on malignant transformation induced by various types of

radiation. This assay system will be used in our studies in the next year to evaluate the effects of

the selected candidate agents on malignant transformation induced by HZE particle radiation.

In animal studies, we have demonstrated that the bio-reduction capacity, measured as the serum

concentration of total antioxidant power, was affected by radiation exposure and can be modified

by treatment with agents that prevent radiation induced oxidative stress in vitro. This system

provides us with a means to relate our findings in the in vitro experiments to the results of our

animal radiation experiments regarding radiation induced oxidative stress in vivo as well as to
the results of other investigators regarding radiation-induced carcinogenesis.

Chang: Charged Particle Radiation-Induced Genetic Damage in Transgenic Mice

Countermeasures: Determine if known radioprotective pharmaceuticals (e.g. tamoxifen, anti-

oxidants) or cytokines (e.g., interleukins) reduce tissue-specific mutation frequencies or genetic

damage in vivo. Such alterations in the genome may be precursors of cancer.

New Research Findinl_s:

Analysis of mutation frequency (MF) in the lacZ reporter transgene of mice exposed to acute

doses of Gy proton irradiation showed that spontaneous lacZ MF in the control animals is tissue

specific (spleen > brain). MF in the lacZ transgene is responsive to low doses of protons when

compared to the unirradiated controls. Induction of MF in the spleen appears to be dependent on

the radiation dose as well as the time post irradiation. Persistent enhanced lacZ MF in the brain

and spleen up to 16 weeks post irradiation, suggests proton-induced long-term residual effects in
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these tissues. Proton-induced genetic effects are tissue-specific, suggesting that tissue physiology

may play important roles in determining the long-term mutagenic potential of low LET particle

radiation.
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Fig. 5: Kinetics of Proton-induced enhanced transgene Mutation Frequencies

Vazquez: Risk Assessment and Chemoprevention of HZE Induced CNS Damage (In vitro)

Countermeasure: Modulate signaling pathways by pharmacological manipulation (trophic

factors, free-radical scavengers, p53 modulators)

New Research Findinlzs:

Human neural precursor cells (NT2) and rodent glial progenitor cells (CG4) were exposed to

acute doses of 0.1, to 6 Gy of heavy ions (Fe and Si, BNL-8) and gamma irradiation and the

following endpoints were measured:

Apoptosis Induction: The expression of early apoptotic markers (ANNEXIN V) as a function

of time post irradiation, with a dose-dependent peak induction of up to 8-fold above control
levels at 48 hrs after heavy ion (Fe and Si), proton and gamma exposure. Estimated RBE's for

apoptosis are the following Fe: 6, Si: 4 and protons: 1. Apoptosis pathways: Doses as low as

0.25 Gy were able to up-regulate p53 and as early as 4 hours post-exposure in CG4 cells and as

early as 24 hours in NT2 cells. Caspases were activated in CG4 and NT2 cells exposed to gamma

radiation (1 to 2 Gy) 24 hours after exposure. These results confirm previous experiments that

p53 and caspases pathways are involved in the stress pathway induced by low- and high-LET

radiation exposures.

Vazquez: CNS Damage and Countermeasures (In vivo Studies)
Countermeasure: To protect neural cell populations in vivo using pharmaceuticals, such as

neuroprotectants (gangliosides), antioxidants (melatonin) and signal pathways modulators (p53

modulators)

New Research Findings:
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498 C57B1/6 male mice were exposed to 1 Gev/n Fe ions at AGS and gamma rays during the last

NASA run (BNL-8, April 2002). Animals were exposed to acute doses of 0.15, 0.3, 0.6, 1.2, 2.4

and 4.8 Gy iron and gamma irradiation and the following endpoints were measured:

Monthly evaluation of the effects of heavy ion and gamma radiation on memory: 19-week-old

male irradiated C57 mice were individually placed in a Morris water maze to measure spatial

memory (90 Fe ions and 90 gamma, total: 180 animals). Mice exposed to gamma or iron

radiation do not show dramatic changes in latency times assessed by the Morris water maze.

Animals will be monitored monthly for an additional 6 months to detect memory function

alterations and changes in hippocampal biochemistry.

Monthly monitoring of cocaine-induced locomotor activity of heavy ion and gamma irradiated

mice: 19-week-old male irradiated C57 mice were individually placed in the locomotor activity

detecting boxes and allowed one hour for exploration (114 Fe ions and 114 gamma, total. 218

animals). The locomotor activity was further monitored for 150 minutes after cocaine

administration. Doses as low as 0.6 Gy of iron ions were able to decrease cocaine-induced

locomotor activity as early as 1 month post-exposure. These changes are still present after 4

months after treatment. Similar results were observed for gamma-irradiated animals.

Diceilo: In vivo Studies of Mammary Carcinomas

Countermeasure: Spacecraft design and optimized mission scenario to minimize radiation

exposure. In part, as a result of the work of our investigators, the paradigm for spacecraft design

has changed considerably during the last decade, stressing the need to address the potentially

large biological consequences from the abundance of nuclear secondaries being produced

primarily from the cosmic protons. Care of animals continues as well as histological and

pathological studies of cancers and chemoprevention by use of anti-estrogens administered after

low-dose exposures to radiations.
New Research Findings:

This project has now produced the first quantitative risk values of mammary carcinomas in the

first colony of rats irradiated with protons and iron ions. These data resulted from animals

irradiated originally only to provide baseline data for designing the subsequent experiments,

which are still in progress. Drs. Francis Cucinotta and Lief Peterson of the NASA Johnson

Space Center have completed their first analysis of our data as well. We already have provided
the data to a committee of the National Council on Radiation Protection and Measurements

(NCRP) for inclusion in a NCRP report, if the data are accepted for publication.

Six hundred sixty-seven Sprague-Dawley rats were sham irradiated or irradiated whole body at

approximately 60 days of age to examine the incidence of mammary carcinomas from beams of

iron ions, protons, or gamma rays. Animals were irradiated with 5, 16, or 50 cGy of 1-
GeV/nucleon iron ions at the Brookhaven National Laboratory (BNL), with 50, 160, or 500 cGy

of 250-MeV protons at the Loma Linda University Medical Center (LLUMC), or with 50, 160,

or 500 cGy of gamma rays at BNL, LLUMC, or The Johns Hopkins University. The animals

were continuously monitored for all diseases and effects from the radiations until death. There

were no significant differences observed in the incidences of mammary cancers between the

response to protons and that for gamma rays. Generally, the incidence of mammary carcinomas

induced by the iron beam was greater for the same dose in comparison with protons and gamma

rays and the rate of increase with increasing dose was also greater.
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There is no single calculational or theoreticalmodel, which can be used to unequivocally
produceadefinitive risk or RBE. We arecarryingoutextensiveanalysesof thesedatato extract
relativerisks and,if possible,therelativebiological effectivenessesusing different approaches.
If we calculatedirectly from spline fits to the data,we obtain RBEs for excessincidenceof

mammarycarcinomasof approximately16+/- 4 at 5cGy,and6 +/- 2 at 16cGy. Shellabargeret
al. ( ShellabargerCJ, ChmelevskyD, Kellerer AM. Inductionof mammaryneoplasmsin the
Sprague-Dawleyrat by 430keV neutronsand X-rays. J.Natl.CancerInst. 1980;821-33.),for
comparison,obtainedan RBE of approximately12at a doseof 6.4 cGy of 430 keV neutrons
(with theRBErising to about200 at adoseof 0.1cGy). If weusetheapproachof Alpen et al. (
Alpen EL, Powers-RisiusP, Curtis SB, DeGuzmanR, Fry RJM. Fluence-BasedRelative
Biological Effectiveness for Charged Particle Carcinogenesisin Mouse Harderian Gland.
Adv.SpaceRes.1994;573-81.)by taking theratio of the initial slopes(althoughagainit should
bestressedthata samelinear-quadraticrelationisnot thebestfit) weobtainanR,BEin therange
between7 and 13. This value for our endpoint,mammarycarcinomasin the Sprague-Dawley
rat, is lower that the valueof (39 +/- 12)obtainedby Alpen et al. for tumor prevalencein the
Harderiangland obtained for iron ions at the lower energy of 600 MeV/nucleon,but the
uncertaintiescomparableto the observeddifference. (Althoughour energyis somewhathigher
[lower linear energytransfer,LET], in a companionstudy,we degradedthe averageenergyof
the iron beamto about600 MeV/nucleonand sawno significant changein the response).One
additionalstudyfor comparisonis a project still underway,in which Burnset al. ( BurnsF, Jin
Y, KoenigK, HosseletS.The Low Carcinogenicityof ElectronRadiationRelativeto ArgonIons
in Rat Skin. Radiat.Res. 1993;178-88) irradiated male Sprague-Dawleyrats with 640-
MeV/nucleonargonionsandcomparedtheresultingyieldof skincancer,primarily firomas,with
that from 1.8-MeVelectrons.Althoughtheyprudentlydid notprovideRBEsin their papers,and
the slope for the electronscontinuesto decreasefaster than linearly, a lower value in the
neighborhoodof 5 would appearto bemorereasonablein theregionwheretherearedata. In the
latestpaper,thesamegroupreportsthat singledosesof 1-GeV/nucleoniron ionsaretwo or three
fold moreeffectivethanargonin producingtumors.

Theprobabilityper day of a rat at risk developingmammarycanceris presentedasan integral
risk asafunctionof time for eachgroup.
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Fig. 7d. The integral risk of mammary carcinomas at a specified time after irradiation for animal

sham irradiated or irradiated with 5, 16, 50, and 200 cGy of 1-GeV/nucleon of iron ions.

Huso: Chemoprevention and Radiation-lnduced Neoplasms

Countermeasure: The use of Tamoxifen as a model for pharmaceutical intervention in the

promotion and progression stages of carcinogenesis to reduce risk after exposure

New Research Findinlzs:

Over the past several years tamoxifen has become the most widely prescribed anticancer drug in

the world. Recently it was also demonstrated to be effective in the chemoprevention of human

cancer in large scale clinical trials. However, its safety and efficacy as a countermeasure against
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thepotentialcarcinogeniceffectsof low doseradiationexposurein spacewasentirelyunknown.
Tamoxifenis theprototypefor a family of chemopreventivescalledselectiveestrogenreceptor
modulators(SERM) that are currently the focus of intenseresearchand developmentin the
pharmaceuticalindustry. Theseefforts promiseto provide new and improved alternativesto
tamoxifenin thecomingyears.Therat mammarycarcinomamodel isa classicanimalmodelthat
hasplayed an important role in understandingthe hormonal interactions,carcinogenesis,and
preventionof mammarycancerin mammals.For this reason,we havechosento focuson this
model for our initial "proof of principle" studieson the chemopreventionof radiation-induced
cancer.

In studiesnot yet completed,we have shownthat tamoxifen markedlyreducesthe incidence
(reducesslope)andprolongsthe latency(shift to the right) of mammarycarcinomasin animals
following iron ion radiation exposure.It appearsthat tamoxifen chemopreventionis similarly
effective following exposure to photons or protons. Similar positive trends are emerging
concerningtamoxifen's impact on improving survival following irradiation. As in humans,
tamoxifen resistaiattumors do develop. Optimum chemopreventionmay benefit from a
combinatorialapproachusing chemopreventivesthat act on different pathwaysin radiation-
inducedcarcinogenesis.

Theseemergingresultssuggestthat tamoxifen(andnewerSERM's suchasraloxifene)provides
a readily availablecountermeasureto the carcinogeniceffectsof radiation.Thesestudiesalso
suggesta "proof of principle" that chemopreventivesthat havebeendemonstratedeffectivein
largescaleclinical trials againsthumancancersin the generalpopulationmay provide fertile
ground for discovering and validating chemopreven.tiveapproachesthat astronautscould
potentiallyuse.Furthermore,our studiessuggestthat chemopreventiveadministrationbeginning
onemonthfollowing radiation exposure can prevent a significant proportion of radiation-induced

cancers by acting during the promotion and progression stages of carcinogenesis. This is

important because it provides the option of doing a risk/benefit analysis for individuals based on

actual radiation exposure during space travel before prescribing chemopreventives. This is in

contrast to agents that must be present during the time of radiation exposure in order to be
effective.
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Tamoxifen Chemoprevention:
Potential Countermeasure

with Effectiveness

Following Radiation Exposure

(ongoing studies)

Mammary Carcinoma Examples
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Fig. 6: For the Photos:

Upper left is the most common papillary and cystic mammary carcinoma.

Upper fight is the cribiform and solid pattern of mammary carcinoma.

Lower left is a locally invasive mammary carcinoma.

Lower fight is a metastatic mammary carcinoma.

COLLABORATIONS:

The Radiation Effects Team currently collaborates with more than nine investigators on research

activities or proposals to five agencies: R. Maurer (JHU Applied Physics Laboratory), V. Redeka

(BNL), F. Cucinotta (Johnson Space Center), V. Pisacane (U.S. Naval Academy), A. Rozenfeld

(CSIRO/JSC), J. Shapiro (Uniformed Services University of the Health Sciences), M. Fenech

(CSIRO), Eleanor Blakely (UC LBNL), Gerda Horneck [DLR (Germany/NASA)].
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GRANTS AND PROPOSALS

TITLE PRINCIPAL AGENCY DATE OUTCOME
INVESTIGATOR SUBMITTED

Radiation and Jay R. USUHS of DoD 1/31/02 Reviewed. Scored

Weightlessness Effects Shapiro, Ph.D. below funding cut-off

on Bone Marrow Cells

NASA 2/02Automated Non-

invasive DNA Damage
Measurements in

Astronauts

Imaging & Localizing

Device Using the
Barkhausen Effect

The Risk of Cancer in a

Rat Model: Genetic,

Cytogenetic, and

Abscopal Factors at
Low Doses

Radiation-induced

Breast Cancer:

Detection of Benign

and Malignant Lesions
in Rat Model

MIDiN

(Microdosimetry

investigation) or

Microdosimetry of the
Earth's Radiation

Environment

Nonhazardous Early
Detection and In Vivo

Functional Imaging of

Benign and Malignant

Tumors

Application of
Advanced Network

Infrastructure

Technology in Health
and Disaster

Management
Microdosimeter

Engineering Model for

Spacecraft Experiment

Michael

Fenech, Ph.D.
and John F.

Dicello, Ph.D.

John F.

Dicello, Ph.D.

John F.

Dicello, Ph.D.

Jerry
Williams,

Ph.D.

Vincent L.

Pisacane,

Ph.D.

John C.

Murphy, Ph.D.

John F.

Dicello, Ph.D.

Vincent L.

Pisacane,

Ph.D.

NIH

DOE Office of

Biological and
Environmental

Research (OBER)
and NASA

DoD

U.S. Naval

Academy

DoD (BCRP)

National Library of
Medicine

NASA-Johnson

Space Center

4/1/02

4/16/02

5/16/02

5/17/02

6/11/02

6/14/02

Reviewed by

astronauts' physician.

Undergoing further
refinement.

Reviewed 8/5/02.

Score of 314 (below

funding cut-off).
Discussions in

progress with
collaborators about

resubmission

Reviewed. Scored

below funding cut-off

Awaiting comment.

Awaiting comment.

Awaiting comment.

Results expected in
December 2002.

7/24/02 Funded.
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I. ABSTRACT

The Smart Medical Systems Team (SMST) is one of four new teams of the NSBRI, and is now

far enough along in its research to begin making significant advances in research and measurable

progress toward countermeasure development. At the present time, there are eight projects

headed by seven principal investigators. Five projects (led by Drs. Crum, Davies, Klempner,

Soller and Strangman/Sutton) address research and development of novel biometric sensors that

are lightweight, portable, low power, non-invasive and unobtrusive. These projects have

applications for physiological and medical monitoring of astronauts, as well as for the
assessment of countermeasures (CMs) that potentially diminish the deleterious effects of long

duration space travel. One project (led by Dr. Putcha) develops a novel pharmacological drug

delivery system for near term countermeasure administration, while another project (led by Dr.

Crum) develops a revolutionary new form of non-invasive surgery. A NASA echocardiographic

resource project (led by Dr. Thomas) is supported by the SMST, and is jointly supervised with

the Cardiovascular Alterations Team. Three projects (led by Drs. Klempner, Strangman/Sutton

and Thomas) develop "smart" algorithms for minimal user evaluation and interpretation of real

time physiological and medical data. All of the projects fit within the strategic plan of the SMST

for NSBRI CM development.

Research on the SMST aligns itself most closely, albeit not exclusively, with the clinical

capabilities category of the Critical Path Roadmap (CPR; http://criticalpath.jsc.nasa.gov). NASA

has identified six of the projects (headed by Drs. Crum, Klempner, Soller, Strangman/Sutton and
Thomas (x2)) as relating to Trauma and Acute Medical Problems (risk #43), which is only one

of four Type I, or highest level, risk factors for long duration space missions. In the development

of CMs to diminish risk #43, and other significant biomedical risks, the SMST has laid out a

strategic plan for an advanced, integrated and autonomous system for astronaut health

assessment, maintenance and medical care. This plan has initiated, and continues to foster,

collaboration with NASA flight surgeons and other medical operations personnel and biomedical
researchers affiliated with the NSBRI, Johnson Space Center (JSC), Ames Research Center

(ARC), the Jet Propulsion Laboratory (JPL) and NASA Headquarters,. The focus of the plan has
been at intermediate Countermeasure Readiness Levels (CRLs = 2 to 7), and linkages to NASA

programs in medical systems at lower and higher CRLs. Each project within the SMST has been
mapped onto the strategic plan to identify strengths and weaknesses of individual projects and
the team as a whole.

Within the first year of the SMST, significant advances have been made to coordinate research

projects and efforts to provide added value. New intra-team (e.g., Drs. Davies and Thomas) and

inter-team (e.g., Drs. Soller and Cabrera (Integrated Human Function Team)) NSBR1
collaborations have formed. New collaborations between the SMST and JSC flight surgeons

(e.g., Drs. Strangman, Sutton and Marshburn (JSC)) and researchers (e.g., Drs. Klempner and

Pierson (JSC)) have developed. A new biotechnology company, SRU BioSystems, has become
involved with the SMST through Dr. Klempner's project. As the SMST evolves, the integration

of projects and the team's approach to CM development continues to be refined. Regular Team

telecons have taken place and specific discussions of intra-team integration, as well as
collaborative interactions with JSC will be discussed in some detail at the SMST retreat,

scheduled to be held in one day in advance of the Bioastronautics Investigators' Workshop, on

January 12, 2003.



II. INTRODUCTION

A. Team Objective
An important goal of the SMST is to take a leadership role in the research and development of an

advanced, integrated and autonomous system for astronaut health assessment, maintenance and
medical care. This includes the delivery and evaluation of medical interventions and other CMs
that reduce the deleterious effects of space travel and enhance the overall well being of

astronauts. In achieving this goal, it is anticipated that there will be significant impact and

applications for earth-based health and medical care.

B. Health Concerns and Hazards

Health problems associated with space travel may be related to the effects of microgravity,
radiation and other risks to the body that are particular to space flight, but they may also be

independent of these effects. Medical problems may arise in association with a given

demographic population or as a result of a toxic environmental exposure. Moreover, complex

interactions may result in alterations and disorders presenting and/or responding differently in a

microgravity environment relative to earth. The unique medical circumstances, requirements and
limited health care resources in space pose challenges and opportunities for new strategies of

physiological monitoring, medical diagnosis and treatment.

In-flight medical events are not uncommon. On STS-1 through STS-89, 98% of crew members

reported medical events, excluding space motion sickness (R. Williams, NASA HQ, personal
communication). In total, 1867 separate events were logged (1613 men, 254 women), with 141

(7.6%) being due to injury. It is estimated that the risk on the ISS of a significant event,

equivalent to one requiring an emergency room visit or hospitalization, is between 1-3 events per
annum. The risks increase for long duration space flight and for older crew members. In the

Russian space program, two evacuations have been precipitated by medical conditions; in both

cases, the entire crews returned.

Given the importance of maintaining crew health, and since medical events can seriously impact
astronauts and missions, the CPR ranks Trauma and Acute Medical Problems (risk #43) as one

of the four Type I (most severe) risks. Toxic Exposure (risk #44), and Altered

Pharmacodynamics and Adverse Drug Reactions (risk #45), are Type II risks. Illness and

Ambulatory Health Problems (risk #46), Decompression Sickness Complicated by Microgravity

(risk #47), and Post-landing Rehabilitation (risk #48) are Type III risks.

C. Topics to Address
The SMST recognizes that to achieve its objectives (section IIA.), it must (a) utilize a team

approach within the context of the NSBRI CM driven mission, (b) coordinate and collaborate
with other NASA efforts in space and critical care medicine, (c) emphasize research that leads to

testing and monitoring of physiological functions and CM effectiveness in healthy astronauts

(i.e., link the SMST to other NSBRI teams and promote CM research with broad utilization), as

opposed to emphasizing trauma and acute problems only, and (d) develop alternative approaches

to medical care, given that resources are limited, there may be no M.D. in flight and

communications to earth are limited and delayed.



The NSBRI assigned the SMST a mandate to develop innovative, possibly revolutionary,

techniques for medical monitoring, diagnosis and treatment. To achieve these goals, several
infrastructural needs have been identified. These include:

• New types ofbiometric sensors

• Novel medical and surgical techniques

• Robotic medical assistance systems

• Advanced drug synthesis and delivery systems

• Smart algorithms for medical data systems

• Automated decision support for training and care

• Systems engineered platforms for sensor, algorithm and effector integration



IlL RESEARCH PROGRAM STRUCTURE & DESIGN

A. Program Structure and Interactions
As stated in section IIA, the SMST objectives are broad and ambitious. However, the research

program needs to be focused in order to ensure clear scientific progress towards CM

development. To this end, specific synergistic relationships either exist or are being developed

among team projects, as well as between SMST projects and other NSBR1 and NASA projects.

These relationships are summarized in Fig. 1.

Teclmolo_cq' Tech Dev _ Integrated Human Function
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Figure 1. SMST project interactions showing relationships within and between NSBRI teams

In Fig. 1, each of the eight SMST projects is represented along the middle row. The projects are

coded to depict (a) NSBRI cross-team interactions (Soller with Cabrera (Integrated Human

Function Team)), (b) NASA interactions (Davies with Luzod (ARC); Putcha (JSC);

Strangman/Sutton with Marshburn (JSC)), (c) NSBRI cross-team and NASA interactions

(Kiempner with Fox (Immunology, Infection and Hematology Team) and Pierson (JSC); Thomas
with Cohen (Cardiovascular Alterations Team) and JSC)), and (d) none of the above (although

Crum has strong ties to DoD medical technology programs).

The bidirectional arrows in Fig. 1 represent relationships (a) among projects within the SMST

and (b) between SMST projects and the other NSBRI teams. These relationships are broken
down into two main categories: Technology; and Physiological Systems and Effects. Across the



top row, interactionsbetweenSMSTprojectsandtheTechnologyDevelopmentandIntegrated
HumanFunction Teamsare shown.Theseinteractionscorrespondroughly to experimentation
(Technology DevelopmentTeam) and theoretical or modeling (IntegratedHuman Function
Team) interactions.Arrows pointing to particularboxesfrom SMST projects to boxes in the

upper row show how SMST projects contribute to NSBRI developments in specific domains on

other teams. For example, the Klempner, Soller and Strangman/Sutton projects all develop novel

spectrographic devices that complement one or more projects being developed in the Technology

Development Team (specifically, projects headed by Potember and by Maurer).

Arrows that originate from boxes in the upper row of fig. 1 and project to SMST projects

represent links among projects within the SMST. The relationships are incomplete and are
evolving, sometimes with added benefit to the overall NSBRI scientific program. For example,

ultrasound technologies link projects by Crum and Thomas, although Thomas' projects do not

develop hardware. The functional magnetic resonance imaging (fMRI) aspects of

Strangman/Sutton's project adds to the (non-functional) MRI developments in the Technology

Development Team; hence the half shaded box in Fig. 1. The chemical engineering and

functional genomic and proteomic approaches on the SMST complement other core technology

developments within the NSBRI program.

Bidirectional arrows between the boxes representing the SMST projects and the system teams

along the bottom row of fig. 1 work similarly to those just described. There is synergy with every

system team, especially the Cardiovascular Alterations Team. There is also an emerging

emphasis on brain and neurobehavioral alterations within the SMST (Strangman/Sutton project).

At present, there is no synergy with the Radiation Effects Team, although there is scientific

overlap with that team.

B. Program Strategy
While the previous section outlines the relationships among projects, it does not describe the

design of the SMST to address research problems and develop countermeasures. To understand
how team R&D might lead to deliverables for eventual implementation for flight, a strategic plan

is required. To achieve this goal, a high level description of the system for health and medical
monitoring, as well as interventions, that are currently in place was constructed. In this system,
the astronaut and environment are handled in similar ways, since space medicine is effectively a

branch of aerospace or environmental medicine. Sensors monitor the environment and astronaut,
and after calibration, signal conditioning and processing, data are either stored and/or relayed to

earth. Ground based personnel oversee, in coordination with the astronaut, flight surgeon and

possibly the PI if appropriate, any treatment or countermeasure that is administered. There is
limited autonomy and ability to assess deconditioning effects in space. Countermeasure

modification and medical care delivery is severely limited.

In collaboration with NSBRI, NASA JSC, ARC, JPL and other personnel, a strategic plan for the

SMST was developed during the winter and spring months of 2001. The objectives were to

develop a schematic that (a) characterized a "smart medical system", (b) linked NSBRI SMST
research and countermeasure development to basic research, industry, space hardware and

medical operations, (c) provided a format to map current projects within the SMST onto a system

prototype, both at the component level and at the level of the system itself, and (d) allowed for

the identification of gaps in the SMST program.



In this plan, information from the environment and astronauts is sensed by a suite of small,

lightweight, low power, portable, non-invasive, unobtrusive, intelligent sensors with pattern

recognition capabilities. These sensors feed automatically analyzed, rather than raw, data into

decision making algorithms, that also have cognitive input from the astronauts themselves. There

is a model of the system, which is where the Integrated Human Function Team collaborations fit
in the scheme. The model not only (a) assesses input from multiple sources, but it (b) pre-plans

notification for onboard alarms and information transfer to the ground, (c) looks at contingencies

and outcomes for effectors and treatments prior to the administration of CMs, (d) assesses the

effectiveness of treatments and CMs, (e) monitors consequences of actions and CMs, and (f)

interfaces with models for pattern recognition and analog hardware learning. Since feedback

loops exist which are independent of external and M.D. control, the system is, in principle,
autonomous. Moreover, the design is achievable, to varying degrees, and proposes a

revolutionary new health care system for space, which is central to the initial research charge

assigned to the SMST. In summary, the main points are as follows:

• Enhanced small sensor platforms with pattern recognition and wireless capabilities

• Adaptable system of systems for sensor integration
• Algorithms and models for human assisted monitoring, CM assessment and decision

making
• Common platforms for sensing and CM delivery

C. Countermeasure Development

To see that the program strategy of the SMST is aligned with the mission of the NSBRI, each

SMST project, along with its relationships to other projects, was mapped onto the SMST
strategic plan. The CM development plan for the SMST was then identified. It includes several

types of measures, as outlined below.

Specific countermeasure developments include:

1. Exercise

Soller: non-invasive tissue and blood chemistry measures for physiological

monitoring and assessment of exercise effectiveness; applicable across
ethnic races

2. Pharmacology
Putcha: novel drug delivery system, with first application to intranasal

promethazine HCI to reduce space motion sickness

3. Training
Thomas: ultrasound resource to train naive users in medical image acquisition, with

multi-systems applications (e.g., cardiovascular, bone, renal)

4. Performance Adjustments
Strangman: non-invasive assessment of brain function under cognitive load and sleep

disturbance to adjust performance expectations



5. Environmental Manipulation
Klempner: real-time assessment of distributed microbial environment for early

detection and manipulation of significant alterations; sensors applicable

for a broad range of environmental monitoring and manipulation

6. Surgery
Crum: non-invasive use of ultrasound for diagnosis and treatment of injury

7. Gene Therapy
Davies: functional genomic and proteomic approaches to address vascular changes

in microgravity

8. Adjunctive Developments to Other CMs

Klempner, Soller, Strangman/Sutton, Thomas:
suite of passive continuous physiological monitors and algorithms to

identify the need for, and efficacy of, specific CMs, including those
related to medical care

IV. RESEARCH PROGRAM ACCOMPLISHMENTS

A. Accomplishments

Although SMST is still a relatively new start, considerable progress has been made. From a

general perspective, the SMST has developed a strategic plan and coordinated research team

efforts that (a) successfully interfaces with other programs within the NSBRI and NASA medical

operations, and (b) has high potential impact for NASA through CM development to reduce the

risks associated with long duration space travel. While the start dates for projects have ranged

from October 1 2000 to the relatively recent September 1 2001, and funding interruptions have

delayed and disrupted steady progress, effective synergies have been formed and progress has

been made on each of the projects. There was a PI meeting in April 2001, and a second one is

scheduled for January 2003; regular telecons, multiple site visits among investigators, and

education and evaluation of previous and current medical CMs have occurred. The team strategy

was expanded from its initial focus on medical care to research on physiological monitoring,

algorithms and CM effectors and assessment. More specifically, the main findings and

accomplishments during the past year for each project are summarized below.



PURPOSE

The principal objective of this project is to develop an image-guided ultrasound therapy system

for mission critical care. In long-term space flight missions, a number of medical situations

could develop that if not adequately addressed would result in mission failure. For example,

although gravity is significantly reduced in space, inertia is not, and the collision of an astronaut

with a heavy object could result in blunt internal trauma and its often associated internal

bleeding. In addition, as recent experiences in Antarctica demonstrate, medical conditions that

require some form of surgery may well appear without warning, even when extensive pre-

screening is undertaken.

BACKGROUND

Currently, medical devices are being developed that utilize high-intensity focused ultrasound as a

noninvasive method to treat tumors and to stop bleeding (hemostasis). The primary advantage of

ultrasound is that it delivers intense heating to a millimeter to centimeter size region deep in the

body without damaging intervening tissue such as the skin. The second advantage is that

ultrasound can simultaneously be used to monitor the treatment [1].

RESULTS

We show in Fig. 1 some initial progress. This figure shows the apparatus being developed, and

some initial results.

\

\

L J I Lm

Fig. 1 (left) Initial image-guided HIFU system, (middle) dynamic focusing transducer," (right) lesion in tissue

and corresponding ultrasound image (right).

We are developing a smart medical device that will provide a versatile capability to treat a

variety of these mission-critical medical conditions. On the left in Fig. 1, we show the complete

system, in which a laptop synchronizes the imaging unit (white color) and the therapy transducer,
shown in the middle frame. This (middle) frame shows the new motor-controlled transducer and

combined function generator and amplifier unit. The box in the middle figure replaces the

function generator (under the laptop) and the blue amplifier (under the imager and transducers)

and enables the entire unit able to be battery powered. The right frame shows a lesion in tissue

created by the new system shown in the middle figure as well as the corresponding image in B-
mode ultrasound.



CONCLUSIONS

We have demonstrated that a device that produces High Intensity Focused Ultrasound (HIFU)

can be combined with a device that provides ultrasound imaging to produce a duplex system that

can both image a particular condition of interest and provide therapy to that region. "Image-

Guided Therapy" provides enormous potential for the treatment of a variety of medical

conditions, particularly those associated with blunt trauma and internal bleeding. In addition, we

have demonstrated significant progress toward making the system both lightweight and portable.

REFERENCES

1. S. Vaezy, M. Andrew, P. Kaczkowski, and L. Crum, "Image-guided acoustic therapy," Annu.

Rev. Biomed. Eng. 3,375-90 2001.



PRINCIPAL INVESTIGATOR: Peter Davies, Ph.D.

PROJECT _TLE: Vascular Genomics in Gravitational Transitions

AlMS

When changes in the biomechanical environment of the circulation occur, blood vessels undergo
well-orchestrated structural and metabolic remodeling to restore optimal function. We propose that

this remarkable adaptive ability lies at the center of orthostatic intolerance exhibited by most

astronauts on return to earth's gravitational field after modest-to-long periods in microgravity. We

are therefore mapping gene expression (transcription profiling) of the different vascular steady

states exhibited in vivo (mouse) in simulated hypergravity and microgravity, and the transitions

between them, in order to design better countermeasures for undesired vascular consequences in

long-term space flight.

KEY FINDINGS

(i) During the first 9 months we have refined the antisense RNA techniques necessary to amplify

RNA from small numbers of cells with high fidelity. This became necessary when it was apparent

that no literature exists for a rigorous test of the new RNA amplification protocols required in the

mouse experiments. In a model experiment, vascular cells were stimulated with the cytokine TNF
for which a small number of genes are known (through conventional Northern analyses) to change.

RNA from the same pool was analyzed by microarray with and without amplification.

Sophisticated bioinformatics analysis of 13,800 genes was performed. The data from unamplified

and amplified RNA were analyzed for fidelity, sensitivity and utility. The expected prominent
changes in known genes were detected in both groups with high retention of accuracy, an essential

requirement for the proposed in vivo gravity experiments. An interesting additional and unexpected

finding is that RNA amplification increased the detection rate of genes whose differential

expression was just below a significance threshold in the unamplified assay i.e. greater sensitivity

of detection of differential gene expression conferred by the linear amplification techniques

employed. Most important, these differences were confirmed by real-time quantitative PCR of

unamplified RNA. A manuscript is near completion (ref 2 below). This work was necessary for the
gravitational studies because no such analysis existed that rigorously evaluates the accuracy of the

transcription profiles arising from amplification of small amounts of blood vessel.

(ii) Techniques for the dissection of mouse blood vessels, RNA isolation and amplification has

been verified under normal gravitational conditions. The microarray experiments are pending.

These are evaluative experiments to ensure that we can successfully perform the entire sets of

protocols from animal to bioinformatics and annotation prior to imposing simulated gravitational
shifts.

IMPACT

The improved sensitivity of the amplification technique enhances the database of changes in gene

expression expected by simulated gravitational shift. Validation of this by real-time PCR (the

'gold-standard' in the field) strengthens the data that will be generated using our approach.

COMING YEAR PLANS

The murine suspension model of simulated microgravity is a well-characterized approach
suitable for inducing orthostatic changes that mimic microgravity. For studies of

hypergravitational changes, the facilities of the Chronic Hypergravity Exposure Centrifuge at

10



NASA/Ames are suitable for long-term exposure of mice at 3G to simulate return to earth (or

landing on Mars surface) after long term space travel.

Mice will be exposed to micro or hyper gravity for up to 28 days and the effects upon gene

expression in the major arterial system will be measured by the techniques outlined above.
Reversal of the conditions in both sets of experiments will also be evaluated on a temporal basis.

PUBLICATIONS:

Davies, P.F. 2002. Multiple Signaling Pathways in Flow Mediated Endothelial

Mechanotransduction: PYK-ing the right location Arter. Thromb. Vasc. Biol. In press

Polacek, D.C., Passerini, A., Manduchi, E., Grant, G., Shi, C., Stoeckert, C., Davies, P.F.

Fidelity and enhanced sensitivity of differential transcription profiles following linear

amplification of nanogram amounts of endothelial mRNA. Physiological Genomics

Submitted
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ACCOMPLISHMENTS

The overall objective of our project entitled, "Smart Medical System for Detection of

Microorganisms", is to develop a rapid, non-culture based method to detect, identify, and

quantify microorganisms from environmental and clinical samples. The method relies on using

highly diverse phage displayed peptide libraries from which phage clones that bind to the surface

of various organisms are selected. It is possible to discriminate one organism from another

using phage clones expressing different peptides that bind to various organisms with different

affinities.

As shown in the figures below, we have successfully isolated and sequenced different phage

clones that bind with high, intermediate and low affinities to Aspergillus and Penicillin spores.

These fungal species were isolated from environmental samples taken from the MIR space
station.

Asp 7.3 Phage Binding to Aspergillus Spores
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Pen 7.3 Phage Binding to Peniciilium Spores

Pen 7.3 clone Binding to p_n/cJWum Spores
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As shown in the figure below, we have used these phage clones to differentiate between fungal

spore species. For example, phage clone Pen 7.3.57 binds with high affinity to Penicillin spores

but binds minimally to Aspergillus spores. In contrast, phage clone Asp 7.3.43 binds with very

high affinity to Aspergillus spores but minimally to Penicillin spores. Thus, in a microtiter plate

format, we have demonstrated proof of principle that we can use this method to identify and

distinguish between microbial species.

Phage Capture of Aspergillus and Penicillium Spores
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Current efforts are directed at developing an expanded collection of phage displayed peptides

which bind to other organisms and on developing a more robust sensor platform onto which

these reagents can be applied. To the latter end, we have begun a collaboration with Dr. David

R. Walt, Tufts University Professor of Chemistry, who has developed a self-assembled bead

array sensor. The bead arrays, which Dr. Walt has used for oligonucleotide arrays, are

assembled on an optical fiber substrate. We are in the process of adapting this platform, which

is not mass based, for use with the phage displayed peptide libraries that will be designed to

detect intact microorganisms. A brief schematic follows and a detailed description of this

method is contained in the appended material.

A schematic of a fiber optic microsphere-based microarray for the detection of microorganisms

using phage displayed peptides is shown in the figure below. Each circled number represents a

phage displayed peptide-functionalized microsphere, or bead, in an etched well. The fiber on the

left has multiple replicates of different bead types (numbered 1-7).

Each bead is functienalizedwiU_

a different single stranded
oligonucleob de probe

Signal corresponding to
specific hybridiza_on

Adapted from Anal. Chem. (2000) 72, 5618-5624.

The fiber on the right represents an array after exposure to fluorescently-labeled fungal spore

targets. Only the probe containing the peptides which bind to that specific spore provides a

positive signal response.

In the past 12 months, we have also extended the concept of using phage displayed peptide

libraries to the detection of bioterrorism agents and we were recently awarded an NIH grant (R21

A153376) entitled, "New Method for Detecting Bacillus anthracis Spores." The two projects are

synergistic and both related to national priority issues.
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]PRINCIP_AL_G&TOR: LakshmtPuteha, PILD. ;

PROJECT, TITLE. .... MicrocapsulenydrochlorideGel for F_rmu_n of _methazmeIntranasal Administration

EXECUTIVE SUMMARY

The goal of this project is to develop an intranasal, sustained delivery dosage form of

promethazine hydrochloride to be used for the treatment of space motion sickness. This

controlled release dosage needs to overcome the irritation and necrosis observed in previous

attempts _,2.

Significant progress was made against each aim of the effort. A microencapsulated formulation

of PMZ.HC! was developed which produces zero order release in vitro with minimal burst (rapid

initial release). Significant screening of ointment and cream formulations to uniformly deliver

the microcapsules was accomplished. Mucosal irritability and toxicity derived from PMZ.HC1

under a variety of delivery formulations was assessed. Data gathered has served to further focus

ongoing efforts for development of a nasally delivered dosage form of PMZ.HCl

The specific aims for this years award were the following."

1. Develop a microencapsulated, pH balanced gel dosage form of PMZ.HCI and a

combination dosage form with a corticosteroid.
2. Establish in vitro release kinetics and shelf live for these dosage forms

3. Assess preliminary absorption characteristics, nasal mucosal irritability and toxicity of

the dosage forms in rats.

RESULTS
Towards the first and second aim, an Ethocel® coated stearine-27 microcapsule was developed

that eliminates burst and controls release of the PMZ.HCi, achieving nominally zero order

release within 2 hours of dosing. ( See Fig. 1)
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Fig. 1. Release of PMZ. HCI from Ethocel Coated Microcapsules
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A nasal mucosal irritation and toxicity study was conducted with 60 rats to assess nasal toxicity

of the formulations and carrier vehicls. In addition, blood levels of the drug at 30 min post-

dosing were determined to examine absorption of PMZ from test dosage forms. The

formulations administered included PMZ freebase in 70/30 PEG/Glycofurolam, PMZ.HC! in

phosphate buffered saline, PMZ HCI in saline, saline alone, PMZ.HC1 Ethocel coated

microcapsules in PEG/Glycofurolam, and 70/30 PEG/Glycofurolam alone.

Results from this study indicated that the encapsulated PMZ and the PEG-Glycoferan PMZ free

base formulations did not produce nasal irritability and toxicity. Plasma concentrations after 30

minutes after intranasal administration of PMZ (Table 1) indicated PMZ buffered dosage form

had highest level in blood followed by the saline, PMZ freebase in PEG carrier and the

microencapsulated PMZ formulations, respectively.

Treatment PMZ

PMZ in Saline 212.2

STDEV 86.8

%STDEV 40.9

PMZ in Buffer 265.7

STDEV 157.6

%STDEV 59.3

PMZ Freebase in PEG 192.9

STDEV 118.6

%STDEV 61.5

Encapsulated PMZ in
PEG 173.4

STDEV 95.1

%STDEV 54.8

Finally, Dr. Ed Boland, expert in cellular biology and physiology from University of Texas
Health Science Center has been added as an animal scientist on the team.

REFERENCES

I Davis, J.R., Jennings, R.T., Beck, B.G., Bagian, J. P., Aviat. Space Environ. Med., 1993, 64:

230-233.

2 Ramanathan, R., Geary, R.S., Putcha, L., Pharmacol. Res. 38(1), 1998, pg. 36 - 39.
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]PRIN_ INN_.STIGATOR: Babs. R. Soller, Ph.D,

PROJECT _E. NomnvasiveMeasurementchemistry of Blood and Tissue

ACCOMPLISHMENTS

We have completed analysis of near infrared (NIR) pH and PO2 spectral data from cardiac

surgery patients. We demonstrated a good correlation between invasive and noninvasive
measurements with accuracy adequate to detect small changes in perfusion which result from

fairly minor variations in blood pressure and metabolic demand. Figures below shows that the

near infrared technique was able to distinguish a 50% decrease in PO2 that resulted from a 20

mm Hg change in blood pressure and that a significant drop in pH could be detected as a result
of increased metabolic demand on rewarming the patients to normal body temperature. A paper

on this study has been submitted to the journal Critical Care Medicine.
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We have begun enrollment of subjects who experience trauma and sepsis to help optimize the

NIR technique for this type of patient and also to collect data to determine critical values for

therapeutic action. A comparison of invasive and NIR pH measurement on a trauma victim for 4

days after admission resulting from a motor vehicle accident indicate excellent agreement

between the 2 measurements and the ability to detect small changes in pH as a result of changing

medical conditions.

We have also been working on improvements to our hematocrit calibration equation. Currently

we have been able to achieve calibration accuracy of 2.3 Hct% with comparable measurement

accuracy for Caucasian and non-Caucasian subjects. This is illustrated in the figure below. Here

the NIR hematocrit measurement is plotted against the invasive (from a blood draw)

measurement. The blue circles are Caucasian subjects, while the red circles are non-Caucasian

subjects. We would like to have accuracy below 1.5% and are currently developing methods to

ensure and correct for variation in sensor placement.
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OTHER FUNDING

I have just been awarded the grant entitled "Noninvasive Sensor System to Determine Tissue

Perfusion and Guide Resuscitation" from the US Army Medical Research Command. In this

project I will work with a local company, Luxtec Corporation, to develop a miniaturized,

portable version of our NIR system for trauma applications. This grant meets my Aim 4

objectives of identifying a partner to help investigate hardware design factors required for the

development of a miniature system that will be suitable for space flight.
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IPRINCIPAL _STIGATOR:

PROJECT TITLE:

Gary Strmtgman, Ph. DJJeffrey Sutton, _. Ph.D.

Near lafrared Brain Imaging for Space Medicine
i

Progress on our project over the past year has been along two separate fronts: (1) the validation

and use of diffuse optical technologies for brain imaging, and (2) the development of a

demonstration system for automated, intelligent medical decision making based on continuous,

multi-sensor input•

On the validation topic, Figure 1 (below) shows the correlation between three optically-derived

signals---deoxyhemoglobin (columns 1 and 2), oxyhemoglobin (column 3) and total hemoglobin
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(column 4) recorded from the brain and the co-localized blood oxygenation signal acquired

simultaneously via functional magnetic resonance imaging (fMRI). The rows reflect different

optical data analysis parameters• Strong correlations exist between all pairs of measures,

indicating that the optical measurement compares well with the temporal changes in brain

oxygenation resulting from simple motor tasks performed by the subjects, largely regardless of

optical analysis method. We are currently investigating the detailed spatial correspondences

between optical and fMRI techniques• Success in the validation of near infrared imaging is

expected to provide the as-yet only option for functional brain imaging in space, which will also

clearly be amenable to use in other environments that are remote from standard health care
facilities.
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We have also applied our simultaneous optical and fMRI recording technique to subjects that are

performing a simulated docking task (spacecraft to satellite) under both rested and sleep-

deprived conditions. Preliminary functional MR/scanning during the performance of our space-

relevant docking task (SpaceDOCK) indicates a broad network of focal brain regions involved in

task performance, including primary visual and motor cortex, as well as prefrontal and lateral

superior temporal areas.

Figure 2 (below) represents preliminary data on this aspect of the project, indicating the clear

modulation of the fMRI signal (black trace, right) with task performance (red trace, right). The

colorized map indicates regions of increased brain activity in (box=primary motor cortex) during

task performance relative to rest. The effects of sleep deprivation are still being analyzed.

However, such changes will be examined for their ability to predict performance impairments on

the task, potentially providing an independent measure of fitness/readiness to perform a docking

maneuver.

L

Finally, we have developed an Autonomous Intelligent Medical System--including user-friendly

interface--that demonstrates the feasibility of using many sensors (from astronauts and their

environment) to perform real-time evaluation and prediction of medical conditions and

environmental changes. Figure 3 (next page) shows this system and part of the user interface

(inset), as designed around a "world" consisting of two astronauts and their environment (e.g.,

space capsule). The columns in this figure are, in order from left to right:

1) sensor name (heart rate, respiration, etc.),

2) sensor value bar (blue=value, red/yellow vertical lines=thresholds for system action,

and numerical value),

3) system status lights (red/blue boxes indicate threshold exceeded/not) for the new

(update) sensor state, the current sensor state,

4) system memory lights; for comparison to the current status lights, activation patterns

for each sensor in each of 6 embedded memory states are shown,

5) general system status, system evaluation of the current state, and system confidence

in the in that evaluation/prediction.
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This particular example indicates that the system has identified a current or impending hypoxic

emergency in the cabin (with a likelihood of 83%). The system accomplishes this by looking at

the patterns of activation across all sensors (on both astronauts as well as within the cabin) and

comparing these patterns probabilistically to previously stored patterns indicating (e.g.) hypoxic

emergency, cardiac arrest in one astronaut, an astronaut undergoing an exercise regimen, etc.

The inset image shows how the system can be modified via multiple user-input parameters. We

envision this system eventually being capable of taking brain imaging (or other multi-sensor

data) and evaluating, in real time, the probable condition/state of the Subject. Ultimately, this

information would be fed into a simulation module, that could be used to evaluate the effects of

various possible countermeasures prior to the actual introduction of such countermeasures.

PUBLICATIONS/COPYRIGHTS:
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JPRINCIPAL INV_TIGATOR: ,aames,_.o_'_.. i
ImtO CT TrrLE: ....:  o e ree en nal trimS, y:
I...... Development :_ Novel Compr_mn, and
J Registration Techniques for Manned Space Flight
[ , Applications

INTRODUCTION

Significant progress has been made in pursuit of all specific aims, plus additional work recently
undertaken.

AIM 1) OPTIMIZE ACQUISITION FOR 3D ULTRASOUND

To date we have performed over 2000 patient examinations with real-time 3D echocardiography,

including exercise and intraoperative (epicardial) examinations, with quantitative validation in

aneurysmal ventricles [1], aortic regurgitation [2], hypertrophic cardiomyopathy [3], mitral

regurgitation [4], and dilated cardiomyopathy [5]. We have validated 3D color Doppler stroke

volume [6] and will soon have a much higher acquisition device to test. We have also validated

3D reconstruction using a device identical to the ultrasound system on the ISS.

AIM 2) DEVELOP NEW COMPRESSION, VISUALIZATION, SEGMENTATION, AND

REGISTRATION TECHNIQUES FOR 3D ULTRASOUND

We have validated 3D wavelet transform for 100:1 compression of 3D echo [7], developed

highly compact software for visualization [8], segmentation [9, 10], and registration [11, 12].

These now can register pre- and post-exercise images and cross-modality data, (echo-SPECT and

echo-MRI). For expedition-class spaced missions, comprehensive 3D datasets could be obtained

on the ground, then 3D ultrasound exams obtained in flight for comparison, either for

physiological monitoring or medical emergencies.

AIM 3) TEACH NOVICE EXAMINERS TO OBTAIN 2D AND 3D DATA WITH

MINIMAL TRAINING

After only 4 hours of training, 5 novices were able to perform technically adequate 2D

echocardiograms with remote coaching from an experienced sonographer. Quantitative

parameters (e.g., LV mass, ejection fraction, mitral inflow) agreed with (<_+10%) and correlated

well with (r>0.85) measurements by an expert [13]. 3D studies are ongoing.

AIM 4) FACILITATE ISS ULTRASOUND USE AND DEVELOP WIRELESS

TECHNOLOGY

A Philips HDI-5000 ultrasound system was launched to the International Space Station in March,

2001, [14] with engineering tests of digital file transfer and live video feed for acquisition

guidance ongoing. Digital echocardiography is now fully feasible on the ground [15] with over

250 studies being stored daily at the Cleveland Clinic (-3 terabytes annually).

AIM 5) DEVELOP WIRELESS TRANMISSION OF ULTRASOUND DATA

We have recently begun a collaboration with John Hines (ARC), Kevin Montgomery (Stanford)

and the Department of Defense to develop methodology for wireless transmission of ultrasound.

We can now send data from a hand-held ultrasound system wirelessly via 802.1 lb to an iPAQ
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palm computer with a resolution of 320x240 pixels and 15 frames/sec. This could be

implemented aboard the ISS to acquire ultrasound anywhere in the space station, such as the air

lock. Further improvements in speed and resolution are expected.
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PRINCIPAL INVESTIGATOR:
PROJECT TITLE:

i

James Thomas, M.D.

Echocardiographic Assessment of Cardiovascular

Adaptation andCountermeasures in Mierogravity

INTRODUCTION

Significant progress has been made in pursuit of all specific aims.

AIM 1) IMPACT OF VOLUME/PRESSURE UNLOADING ON LV PROPERTIES

16 patients with aortic stenosis and 8 with aortic insufficiency have been recruited for 3D echo,

demonstrating a fall in LV mass from 181 _=42g at baseline to 149 + 34g at 6-weeks post valve

replacement (p=0.03) with further fall at 6 months (limited followup to date). In 16 patients with

hypertrophic cardiomyopathy, LV mass fell from 250 + 80g at baseline to 210 ± 62g at 6-months

post septal myectomy or ablation (p<0.001).

AIM 2) NON-INVASIVE ECHO ASSESSMENT OF LV FUNCTION

We have validated echocardiographic myocardial systolic strain as a noninvasive surrogate for

end-systolic elastance with diastolic strain correlating with end-diastolic pressure [1] and

demonstrated regional variance in strain to be a powerful measure of success in biventricular

pacing [2]. Age-stratified reference values have been obtained in 102 normals for tissue

velocity, displacement, strain rate and strain for 4 LV walls at 3 levels (base, ,mid, apex) [3],

critical for assessing changes in microgravity. We have assessed the preload and inotropic

dependency of tissue velocity in dogs [4] and normal humans undergoing microgravity-

mimicking bedrest [5]. We have validated measurement of intraventricular pressure gradients

(IVPG) via application of the Euler equation to color M-mode (CMM) Doppler transmittal flow

data [6] and used it to quantify changes in diastolic suction following septal ablation in

hypertrophic cardiomyopathy, a presentation that won the young investigator competition for the

American College of Cardiology [7]. We have shown CMM data to be largely independent of

preload [5, 8], making it an attractive index to assess cardiovascular countermeasures in space.

AIM 3) EXERCISE ASSESSMENT FOR EARLY DETECTION OF MYOCARDIAL
DYSFUNCTION DURING PROLONGED SPACE FLIGHT

31 patients with heart failure and 15 normals underwent metabolic stress testing. Although

resting IVPG by CMM was only weakly associated with VO2max, the increment in 1VPG (2.6 i

0.8 in normals versus 1.1 • 0.8 mmHg in patients, P<0.05) was most predictive of exercise

capacity (r =0.8, P<0.001) [9]. We have also demonstrated a simplified index of cardiac power as

a way to monitor cardiac reserve in space flight [10].

AIM 4) DEVELOPMENT OF SOFTWARE FOR QUANTITATIVE ASSESSMENT OF

LV FUNCTION

We have developed stand-along software for quantification of 1VPG from CMM data and strain

data from 2D tissue Doppler data. These can be applied to DICOM-formatted data from any

echo machine, such as the HDI-5000 aboard the ISS.
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AIM 5) ESTABLISH AN ECHOCARDIOGRAPHIC CORE FACILITY FOR NSBRI
AND NASA

We have performed core lab analyses for NSBRI-funded bedrest studies in Boston (Richard

Cohen, P.I.) and NASA funded work in Dallas (Ben Levine, P.I.). The latter work has

demonstrated that tissue velocity shows significant preload dependency, while CMM flow

propagation is virtually independent of loading conditions. By using these indices together, we

may be able to tease out changes in cardiac performance in microgravity due to altered preload

(TDI) and primary myocardial changes (CMM).

REFERENCES

[ 1] Greenberg et al. (2002) Circulation 105:99-105.
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B. Implications

• Dr. Crum's team have made significant progress toward the development of a lightweight

and portable device for using ultrasound to identify internal bleeding, to also use low-intensity

imaging ultrasound to target the vascular breaches that lead to this bleeding, and to apply high

intensity focused ultrasound to retard and even terminate this bleeding. Furthermore, this form

of image-guided therapy could be used to necrose tumors and other pathological tissues.

Although this research is still in animal trials, it has demonstrated both efficacy and safety, and

thus can be moved to human trials in the near future. The ability of a device to address a mission

critical event such as blunt trauma and internal bleeding would be a major success for the
NSBRI.

• Dr. Davies' group has demonstrated that the amplification of RNA for the expression

profiling of very small amounts of tissues/cells. This technique is a developing technology in

which his team is contributing fundamental evaluative data (the past several months' work

reported above). His findings support the 'high risk' conviction that the techniques, essential for

the gravity experiments, will provide a comprehensive profile of vascular gene expression.

• The principal objectives of Dr. Klempner's team is to develop a rapid, non-culture based

method to detect, identify, and quantify microorganisms from environmental and clinical

samples. The method relies on using highly diverse phage displayed peptide libraries from

which phage clones that bind to the surface of various organisms are selected. It is possible to

discriminate one organism from another using phage clones expressing different peptides that

bind to various organisms with different affinities. A device that could rapidly detect and assess

the presence of specific pathogens within the space environment is a prototypical example of a

smart medical device. His team has also made significant progress up the CM ladder with their

association with private industry.

• Significant progress has been made by Dr. Putcha's team in developing a

microencapsulated formulation of PMZ.HCI. This drug is used to treat motion sickness and is

currently administered by injection. Because there is a significant reaction associated with the

injection--the muscle can be sore for days--astronauts are reluctant to administer it. Dr.

Putcha's approach is to encapsulate the drug in microcapsules that can be applied via a nasal

spray. Significant screening of ointment and cream formulations to uniformly deliver the

microcapsules has also been accomplished. She has assessed the Mucosal irritability and toxicity

derived from PMZ.HCI under a variety of delivery formulations and found them more acceptable

to human volunteers than needle injection. This project is already at a high CRL.

• The development by Dr. Soller and her colleagues of a method to accurately and non-

invasively measure muscle pH and oxygenation using multi-spectral near infrared (NIR) light in

normal subjects and in critically ill surgical patients is a major accomplishment. Indeed, this

technology recently been applied to the assessment of individual exercise protocols as a CM.

Since this assessment can be perfomed in real-time, one could envision also real-time

modification of these prototols--"You can't stop now, you have to exercise longer!"
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• The observationsby investigatorson Dr. Strangman and Dr. Sutton's project of an
excellent correlation between diffuse optical tomography (DOT), using NIR spectroscopy

(NIRS), and functional magnetic resonance imaging (fMRI) to non-invasively assess human

brain activity in subjects performing simple motor tasks. DOT sensor validation is important if
the technology is to be used as an objective means of assessing brain function under various

cognitive loads and sleep alterations, with the aim of adjusting performance expectations as a

viable CM. Drs. Strangman and Sutton and colleagues have demonstrated the successful use of

anatomical and functional MRI data as a constraint on the calculation of deoxyhemoglobin and

oxyhemoglobin changes in brain tissue. This finding speaks to the issue of individualized,

digitized human, anatomical brain models upon which time-derivative functional data is co-

registered and overlaid for automated interpretation in real time. The determination by this group

of learning curves during off-line testing of SpaceDOCK, a visuomotor task developed for the
optical / MRI environment. The task emulates a space relevant task for performance assessment

using behavioral and brain imaging methods. Dr. Sutton and Dr. Strangman have also developed

an Autonomous Intelligent Medical System--including user-friendly interface--that

demonstrates the feasibility of using many sensors (from astronauts and their environment) to

perform real-time evaluation and prediction of medical conditions and environmental changes.

• To date, Dr. Thomas and his colleagues have performed over 2000 patient examinations

with real-time 3D echocardiography, including exercise and intraoperative (epicardial)

examinations, with quantitative validation in aneurysmal ventricles, aortic regurgitation,

hypertrophic cardiomyopathy, mitral regurgitation, and dilated cardiomyopathy. They have

validated 3D color Doppler stroke volume and will soon have a much higher acquisition device

to test. A Philips HDI-5000 ultrasound system was launched to the International Space Station in

March, 2001, with engineering tests of digital file transfer and live video feed for acquisition

guidance ongoing. Dr. Thomas and his group have validated 3D reconstruction using a device
identical to the ultrasound system on the ISS. In addition, they have recently begun a

collaboration with John Hines (ARC), Kevin Montgomery (Stanford) and the Department of

Defense to develop methodology for wireless transmission of ultrasound. They can now send

data from a hand-held ultrasound system wirelessly via 802.1 l b to an iPAQ palm computer with

a resolution of 320x240 pixels and 15 frames/sec. This could be implemented aboard the ISS to

acquire ultrasound anywhere in the space station, such as the air lock, and represents again that

the SMS Team is rapidly scaling the CRL ladder.

• In addition to findings stemming from individual projects on the SMST, effective
synergisms have been established within and between the SMST, the Technology Development

Team and the Integrated Human Function Team, as well as the specific system teams within the

NSBRI. It is clear that there is a need to enhance the system or platform component of the SMST

in order for the team to achieve its goals, as well as to interact better with the other NSBRI

teams, and other programs within NASA (e.g., the Biosensor Group at ARC). To this end, gaps

have been identified, especially with respect to the "smart" and "systems" components of the

SMST. Specific needs include (a) supplemental research in decision support systems for

monitoring and (b) decision support systems and knowledge bases for diagnosis and treatment.

Research gaps in the treatment, or effector, modalities have also been characterized, and are

deemed necessary in order to solidify, and eventually move beyond, proof-of-principle

demonstrations to the actual construction and implementation of a smart medical system.
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I. ABSTRACT

The objective of the TechnologyDevelopmentProgram of the National SpaceBiomedical
ResearchInstitute is to developdevices,instrumentsystems,and associatedalgorithmsand
softwarethat leadto abetterunderstandingof thebarriersto long-durationspaceexplorationand
assistin thedevelopmentof countermeasuresto assuresafeandproductivespacemissions. The
primary focusof the TechnologyDevelopmentProgramis directedtowardsthosetechnologies
that supportthe ground-basedand space-basedactivitiesof the other NSBRI ResearchTeams.
The uniquefeatureof this programis the opportunityto bring an integratedsystemengineering
perspectiveto bear on the technologicaldevelopmentsnecessaryto support basic research.
Multidisciplinary developmentteamshave beenestablishedto work on strategicallyfocused
projects that integrate individuals and institutions with vastly different capabilities.into a
cohesiveteam.

Eight developmentprojects were selected,by independentreview, for pursuit under the
TechnologyDevelopmentProgram. Threeof the projectswere continuing from the previoias
proposalcycle andtheseprojectscontinueto demonstrateexcellentprogressin achievingtheir
individual goalsandobjectives. Fourof theprojectswere startedin February2001andall have
madesubstantialprogressconsistentwith their startdatesand their statedobjectivesandgoals.
Dueto budgetcutsandchangein thePrincipalInvestigator,theeighthprojectstartwasdelayed
until July 1, 2002. To precludeunexpectedtechnologyissuesand assurethat the projects
addressneedsestablishedby the otherResearchTeams,rigorousreviewsof both thecontinuing
andnew projectswere conductedduring the year. Eachproject teamwasencouragedto work
closelywith oneor more of the other ResearchTeamsthat would benefit from their project's
development.The eight TechnologyDevelopmentTeamdevelopmentprojectsdirectly support
the technologyneedsof nine of the ten remainingNSBRI researchteams. In severalof the
projects,prototypeinstrumentsandsystemsarealreadyoperatingandhavemovedalongthepath
to the establishmentof definitive scientific results. For projects with more recent starts,
instrumentdesignshavebeencompletedandsomeprototypeequipmentdevelopmenthasbegun,
which,whencompleted,will havesignificantrelevanceto theresearchof severalNSBRIteams.

TheeightTechnologyDevelopmentTeamprojectsare:
1. Advanced,Multiple Projection,Dual EnergyX-ray Absorptiometry(AMPDXA) Scanning

System.A highly accurateprecisionmeasurementinstrumentfor bonemineraldensity,bone
structure,muscleloss,anddeterminationof bonefracturerisk.

2. Neutron Energy Spectrometer. A lightweight, portable instrumentcapableof accurately
measuringtheneutronenergyspectrumof theenergyrangefrom20 keV to 500Mev.

3. MiniatureTime-of-FlightMassSpectrometer.A portable,highly accuratemassspectrometer
systemcapableof identifyingbiomarkersin urine,blood,saliva,andbreathsamples.

4. Improved BubbleDetectionSystem. A new system(basedon ultrasound)to locate and
monitornitrogenbubblesin humantissueandbloodaswell asextra-vehicularactivity.

5. ScanningConfocalAcousticDiagnostic(SCAD) System.An ultrasoundsystemdesignedto
measurebonelossin spacedueto microgravityeffects.

6. HeavyIon Microbeam/DetectorSystem.A systemaimedat studyingradiationeffectsat the
cellularlevel in orderto betterunderstandhumanhealthin highradiationenvironments.

7. DynamicExerciseCountermeasuresDevice(DECD). Usesjumping asa modeof exercise
for astronautsasadirect countermeasureto microgravity-inducedmuscleandboneloss.

8. SpaceQualifiableMagneticResonanceImaging(MRI) System. The MRI projectgoal is to
developanMR/systemcapableof flying in spaceto performsmallanimalstudies.
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H. INTRODUCTION

The TechnologyDevelopmentProgram(Team)of the National SpaceBiomedical Research
Institute (NSBRI) is chartered with developing technologies that will lead to a better
understandingof thebarriersto long-durationspaceexplorationandassistin thedevelopmentof
countermeasuresto assuresafeandproductivemissions. The primary focusof theTechnology
DevelopmentProgramis directedtowardthosetechnologiesthat supportthe ground-basedand
space-basedresearchof the other NSBRI researchteams and space life scienceresearch
community at large. Accordingly, it createssystemsand tools such as sensors,instruments,
devices,andintelligent software. Requirementsfor thesetoolsand technologiesarepredicated
on the carefully developedneedsof the other researchteams. In particular, the Technology
DevelopmentTeam selectsprojects that: (1) support the investigation of the effects of
spaceflight on human physiology and behavior; (2) apply this information toward the
developmentof techniques,technologies,instruments,and countermeasuresthat will sustain
humansduring future long-duration spacemissions; and (3) benefit the quality of life and
medicalcareonEarth.

Synergismis a key elementof the programandthe TechnologyDevelopmentTeamstrivesto
bring the engineeringand biological sciencedisciplines together in the identification and
developmentof devices,instrumentation,and systemsthat addressthe fundamentalresearch
issues critical to the human explorationof space. A unique feature of the Technology
DevelopmentTeam's projects are their ability to bring an integratedsystemsengineering
perspective(cross discipline) to bear on technologydevelopmentas it supportsthe basic
research.An importantby-productof this integratedapproachis thecross-educationof thebasic
and applied scienceresearchersin engineeringand technologydisciplines and the applied
researchanddevelopmentengineersin biologicalandmedicalscience.

Since such a myriad of potentially useful technologies,devices,and instrumentscould have
significantimpacton anastronaut'shealthand his ability to perform his mission, it is important

for the Technology Development Team to identify the most important of NASA's risk factors for

humans in space and then from these risk factors identify technology applications and devices

that might produce significant risk countermeasures or aid human adaptation or health care in

prolong flight environments.

The Critical Path Roadmap (CPR) provides the foundation needed by NASA to ensure that

human spaceflight now and in the future is as safe, productive, and healthy as possible (within

the mission constraints) regardless of the mission duration or destination. The CPR provides a
framework for risk identification, risk prevention, and the need for viable countermeasures

associated with humans in long-duration spaceflight. The Technology Development Team uses

this roadmap as one means of prioritizing project selection. For example, bone loss in

microgravity is considered one of the most serious risk factors (Type 1). Bone loss and the

causal or associated muscle alteration in space are being addressed by two NSBRI research

teams. The Technology Development Team has ongoing projects that directly support the efforts
of both the bone and muscle teams.

Using the roadmap alone is not sufficient to identify all technology needs of the NSBRI research

teams as well as the needs for human spaceflight. The Technology Development Team actively

engages members from the other research teams, the medical science community, and NASA to

assess additional technical requirements. Through various individual team leader and working



group interactions, the needs are identified, distilled, and then focused into a technology
developmentprogram.

TheTechnologyDevelopmentTeamhasthefollowing goalsfor its program:

Goal 1: Identifying new technologicaladvancementsanddevelopmentsthat canhavea major
impactonspacebiomedicalresearchandastronauthealth.

Goal 2: Contribute to risk reductionin eachCPRpriority areaby developing new medical
instruments and devices for both ground- and space-basedresearchand countermeasure
development.

Goal 3: Exploit the developmentsand advancesmadeby TechnologyDevelopmentTeam
projectsto improvethequalityof life andhealthcaredeliveryonEarth.

Goal 4: Promoi:ethe transferof NSBRI-developedtechnologicaladvancesto industry for the
benefitof Earth-basedmedicalcare.

Goal 5: IntegratetechnologydevelopmentneedsacrossotherNSBRI teams,medical science
community, and NASA through service and communicationto become recognized as an
importantservicearmthathelpstheseresearchersdevelopneededtoolsandinstrumentation.
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l/l. RESEARCH PROGRAM STRUCTURE & DESIGN

The risks associated with long-term exposure to microgravity and a high radiation environment

are numerous; they represent the basis for the research program pursued by the NSBRI. Most of

the ongoing NSBRI research is vertically integrated within a specific thrust area. For instance,

the research teams typically have a core research topic that is combined with several special

topic areas to form a disciplined approach to addressing a number of related issues.

The Technology Development Program is implemented in a different manner. The funded

projects are selected, among other reasons, for their ability to provide necessary and enabling

technologies for the basic research areas. Thus, the thrust area is laterally integrated with the
other research areas. Figure 1 is a diagram showing the interaction between the eight current

Technology Development Team projects and the other ten NSBRI research teams. As can be

seen in Figure 1, the current Technology Development Team projects support nine of these

remaining ten research areas.

Technology Development Team Projects

Bubble "_

l  v'i: J c...e,j Jt l )

NSBRI Research Areas

Figure 1. Mapping of current NSBRI Technology Development Team projects into the
remaining ten NSBRI research areas.

The Technology Development Team generally focuses on projects that will deliver a specific

product (e.g., sensor, instrument, etc.) in a specified period of time, typically one to three years.

Of particular interest are projects that have strong technology transfer potential to industry so

that the products of the development can be made available to support the research activities of

other teams and achieve maximum societal benefit. Projects under the Technology Development

Team umbrella are encouraged to interact with industry early in the development cycle. The

NSBRI's Industrial Forum helps foster such interactions.

Proposals to the NSBRI Technology Development Program are expected to be of sufficient

maturity (i.e., NASA Phase A (Conceptual Design)) so that: (1) the critical research issues can be

readily identified, (2) the relevance of the technology development to the key research needs of

the other NSBRI research teams and human spaceflight is evident, and (3) the technical approach



and developmentplan directly leadto a deliverable(instrument,sensor,countermeasuredevice,
etc.)within areasonabletimeframe.

Currently,thereareeight projectsunder theumbrellaof theNSBRI TechnologyDevelopment
Team: threeprojectscontinuingfrom thefirst researchcycle(1998-2000)andfive newprojects
that were nominally started in February2001. Someprojectshad slightly later startsdue to
fundingtransferissues.Dueto budgetcutsandchangein PrincipalInvestigator,oneproject,the
SpaceQualifiableMR/, delayedits startto July 1,2002. As shownin Figure 1, theTechnology
DevelopmentTeamprojectsaddressresearchneedsandrisk reductionsin nineof thetenNSBR/
basicresearchareas.

Project 1

PI/Project Title: Harry K. Charles, Jr., Ph.D.

Advanced Multiple Projection Dual Energy X-ray Absorptiometry
(AMPDXA) System

Need(s) Addressed: Provide accurate measurement of bone and muscle loss both in space and on

Earth. Measure the location of the bone loss and assess the integrity of the bone structure.

Countermeasures Target: Provide highly accurate bone mass loss and structural information so

that appropriate countermeasures can be developed, applied, and monitored.

Project Description: The purpose of the Advanced Multiple Projection Dual Energy X-ray

Absorptiometry (AMPDXA) Scanning System project is to design, build, and test a precision

scanning system for monitoring the deleterious effects of weightlessness on the human

musculoskeletal system during prolonged spaceflight. The instrument uses dual energy X-ray
absorptiometry (DXA) principles and is designed to measure bone mineral density (BMD),

decompose soft tissue into fat and muscle, and derive structural properties (cross-sections,

moments of inertia). Such data permits assessment of microgravity effects on bone and muscle
and the associated fracture risk upon returning to planetary gravity levels. Multiple projections,

coupled with axial translation, provide three-dimensional geometric properties suitable for

accurate structural analysis. This structural analysis, coupled with bone models and estimated
loads, defines the fracture risk. The scanner will be designed to minimize volume and mass (46

kg goal), while maintaining the required mechanical stability for high-precision measurement.

The AMPDXA will be able to detect 1% changes in bone mass and geometry and 5% changes in
muscle mass.

Two instruments (the Laboratory Test Bed (LTB) and a Clinical Test System (CTS)) have been

constructed to date. The LTB has been used to develop source and detector parameters and to

test human bone segments. The LTB has been fully operational for the last four years. It has

allowed the AMPDXA project to develop sources, detectors, and sot_ware algorithms necessary

for the high-precision detection of BMD and bone structure. In this current period, the LTB has
allowed the refinement of our BMD and structure extraction algorithms as well as making

continued progress on the high-resolution separation of soft tissue from bone. The CTS has been

designed to conduct human patient testing. The CTS is operation and clinical trials are about to
begin.
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Project 2

PI/Project Title: Richard H. Maurer, Ph.D.

Neutron Energy Spectrometer

Need(s) Addressed: Monitor the neutron radiation environment inside spacecraft, large space

habitats, and on planetary surfaces.

Countermeasure Target: Provide highly accurate neutron radiation monitoring so that
appropriate countermeasures can be developed, applied, and monitored.

Project Description: A Neutron Energy Spectrometer (NES) is being developed to monitor the

flight radiation environment on the Intemational Space Station (ISS), an interplanetary transport

vehicle, or on a planetary surface. Detector types were selected for the complete neutron energy

range and experimentally validated the concept for the low- and high-energy intervals. The
effectiveness of our charged particle discrimination system was demonstrated. Data analysis and

modeling efforts have verified the experimental results to date and the procedure for

deconvolving deposited energy spectra into incident neutron energy spectra. The engineering

prototype instrument has been successfully flown on a NASA aircraft and a high altitude

balloon, demonstrating the robustness and operational capability of our design.

Project 3

PI/Project Title: Richard S. Potember, Ph.D.

Miniature Time-of-Flight Mass Spectrometer

Need(s) Addressed: Develop a miniaturized instrument that can quantitatively measure critical
biomarkers from breath, body fluids, products of infection, etc.

Countermeasure Target: Provide a highly accurate measure of human biomarkers associated

with many of the deleterious effects and conditions caused by microgravity and prolonged

spaceflight so that appropriate countermeasures can be developed, applied, and monitored.

Project Description: The long-term objective of the Miniature Time-of-Flight Mass

Spectrometer (TOFMS) project is to design, build, and launch a flight-qualified TOFMS for use

on space platforms such as the Shuttle, ISS, or a planetary mission. The TOFMS can identify

and quantitatively measure critical biomarkers associated with the deleterious effects of

microgravity and long-duration spaceflight. The biomarkers can be determined from the analysis

of breath, body fluids, products of infection, and, perhaps, DNA repair products and DNA

mutations. As currently configured, the system appears to be of particular value to both the Bone

and Muscle Teams, but biomarkers important to several other research teams can also be

obtained. The TOFMS system being developed is small (less than 1 cubic foot), lightweight

(less than 5 kg), low power (less than 50 W), and rugged. This NSBRI-sponsored TOFMS is

building upon technology developed for DARPA to analyze chemical and biological weapons,

while being optimized for astronaut use and the identification and quantification ofbiomarkers.

Many of the biomarker identification procedures are complex, requiring special protocols and

associated laboratory equipment. To carry the equipment and chemical supplies required to
monitor the health of an astronaut would be weight prohibitive, would necessitate specialized
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training,andwould requireasignificantfractionof the astronaut's time. The TOFMS provides a

small, efficient, broadband diagnostic instrument that can rapidly identify biomarkers important

for successful human space exploration.

Project 4

P1/Project Title: Jay C. Buckey, Jr., M.D.

Improved Bubble Detection for Extra-Vehicular Activity

Need(s) Addressed: Careful monitoring and understanding of the bubble nucleation process

associated with decompression sickness is required to reduce astronaut risks associated with

extra-vehicular activity.

Countermeasure Target: Provide an understanding of blood bubble nucleation and growth so

that effective countermeasures can be developed, applied, and monitored.

Project Description: The Improved Bubble Detection for Extra-Vehicular Activity (EVA)

project goal is to improve current bubble detection methods. The assembly of the ISS requires

extensive and unprecedented extra-vehicular activity. Because spacesuits operate at low internal

pressures, the astronauts are highly susceptible to decompression sickness (DCS) (gas bubbles in

the blood). A range of pre-breathe strategies, as well as suit gas mixtures and pressures, are

employed to mitigate the risk. During EVA activities aboard the Shuttle and the International

Space Station, in-suit Doppler bubble monitoring will be provided to detect conditions that

increase DCS risk. Doppler bubble detection, while effective, has three primary limitations: (1)

it is motion sensitive; (2) it detects only moving bubbles; and (3) it does not detect bubbles with

diameters less than 80 ktm.

The Improved Bubble Detection for EVA project will exploit two transcutaneous ultrasonic

bubble detection and sizing instruments under development by NASA. These instruments utilize

bubble resonance (not Doppler) techniques, thus allowing the instruments to measure stationary
bubbles as well as bubbles of smaller size. One instrument is optimized for intravascular bubble

detection in the size range of 30 to 200 #m. The other monitors extravascular bubbles in the 1-

to 10-I.tm-size range.

Project 5

H/Project Title: Yi-Xian Qin, Ph.D.
Scanning Confocal Acoustic Diagnostic (SCAD) System

Need(s) Addressed: Measurement of bone loss in space so that appropriate countermeasures can

be developed, applied, and monitored.

Countermeasure Target: Provide measurement of bone material properties and relate to

countermeasure development and processing.

Program Description: The Scanning Confocal Acoustic Diagnostic (SCAD) System project is
focused on the measurement of bone loss is space. On Earth, early diagnosis and proper

treatment of progressive bone loss (and/or poor bone quality) can dramatically reduce the risk of

bone fracture. Ultrasound systems have the potential for determining the material properties of
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bone in a safe,repeatable,and highly accuratemanner. Limitations in the performanceof

current ultrasound systems restrict their application to first-order screening, rather than the

clinical standard upon which osteoporotic diagnosis and treatment regimens are based.

The SCAD is usable not only for ground-based determination of bone's physical properties; but,

because of its low weight and size, it is also suitable for monitoring subtle changes in bone

density and strength during extended spaceflight. The SCAD project is divided into four basic

parts: (1) development of the SCAD system hardware, (2) correlation of SCAD-determined

sound velocity and attenuation measurement with micro-CT bone BMD and structure, (3)

prediction of the risk of trabecular bone failure associated with osteoporosis in the animal model,
and (4) correlation of SCAD-derived BMD and structural modules with DXA measurements.

Proiect 6

PI/Project Title: Veljko Radeka, Ph.D.

Heavy Ion Microbeam and Micron Resolution Detector

Need(s) Addressed: The micron resolution detector, together with the microbeam, will allow the

localized position of an ion impact within a cell to be determined. This is an enabling technique
for radiobiology studies.

Countermeasure Targets: Understanding of the effects of radiation damage within the cell so

effective countermeasures can be developed.

Program Description: The Heavy Ion Microbeam and Micron Resolution Detector System is

aimed at studying radiation effects at the cellular level. Using microbeam irradiation facilities, it

is now possible to place discrete numbers of particles in defined cellular and extracellular

locations. Such facilities permit heavy-ion radiobiologists to explore the impact of signal
transduction between cellular compartments as well as issues related to intercellular

communication at low limiting fluences where not all cells in a population have been traversed.

A high-energy, heavy-ion microbeam will allow an important unanswered question to be
addressed, i.e., whether neurons that survive transversal by high-energy heavy ion (HZE)

particles develop changes as a late consequence of the damage they incurred. These low-fluence
studies will increase the understanding of the consequences of exposure to high, linear energy

transfer (LET) radiation, such as encountered in the space radiation environment. (See the NES

project above.)

The purpose of the Heavy Ion Microbeam and Micron Resolution Detector project is to allow

such radiation studies as described above to take place by developing the following tools: (1) a

microbeam (diameter 10 /_m) of heavy ions (e.g., iron) at energies higher than existing ion

microprobes (3 GeV/nucleon), and (2) an electronic position-sensitive detector for heavy ions

with a position resolution better than 1/_m. Interactions between the Heavy Ion Microbeam and

Micron Resolution Detector project and the Radiation Team have taken place.

Project 7

PI/Project Title: Brian L. Davis, Ph.D.

Dynamic Exercise Countermeasure Device (DECD)
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Need(s) Addressed: Demonstrate that proper in-flight exercise can counter the microgravity-
induced bone and muscle loss.

Countermeasure Target: Develop a direct countermeasure to bone and muscle loss in space.

Program Description: The Dynamic Exercise Countermeasures Device (DECD) is aimed at

developing a countermeasure to bone and muscle loss in space. Bone demineralization (bone

mass loss) is a well-documented physiologic effect of long-duration spaceflight and

microgravity. Animal experiments on Earth have clearly indicated that: (1) certain bone strains
and strain rates stimulate bone deposition, and (2) repetitive loading of the lower extremity can

increase osteonal bone formation even as proximally as the vertebral column. Such studies have

also indicated that a relatively small number of appropriate weight-loading cycles may be

sufficient to stimulate bone deposition. Based on prior research with weight-loading

experiments upon the foot, a dynamic exercise countermeasure device that utilizes jumping as

the mode of exercise for the astronauts is under development. The DECD project is divided into

three phases: (1) develop a lightweight, vibration-isolated exercise device, suitable for use on the

ISS, that will permit dynamic jumping exercise within microgravity; (2) perform system testing

using zero-gravity simulation; and (3) verify DECD efficacy in true microgravity through KC-

135 experiments.

Project 8

P1/Project Title: Isaac Bankman, Ph.D.

Space Qualifiable Magnetic Resonance Imaging (MILl) System

Need(s) Addressed: MRI needed in space for animal studies and peripheral (limb) measurements
on humans.

Countermeasure Target: Provide highly accurate bone and soft tissue measurements to verify

countermeasures in space-based animal studies.

Program Description: The goal of the Space Qualifiable Magnetic Resonance Imaging (MRI)

System is to develop a proof-of-concept engineering model of a space-qualified MRI system for
small animals studies with a mass of less than 150 kg and low average power (<1 kW quiescent

and <1.2 kW when scanning). An on-board processor or personal computer can be adapted to

display the collected information. MRIs provide high-resolution, high-quality anatomical

information without ionizing radiation, so they can be safely and repeatably used to track
changes without deleterious effects.

As a result, the study of physiological alterations in space and the development, verification, and

maintenance of countermeasures will be significantly enhanced. Mice and small rat models are

useful surrogates to carry out in-orbit physiological studies. In-flight MR imaging of these

animals will be of particular benefit to countermeasure development by several of the NSBRI
research teams.
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IV. RESEARCHPROGAMACCOMPLISHMENTS

Project Accomplishments

The Technology Development Team supports the needs of the other NSBRI teams and NASA.

Through close communications with these groups, this team develops devices, instruments, and

systems to improve research techniques and medical care on the ground and in space. Projects of

the Technology Development Team focus on designing lightweight, compact research tools and

on developing simple, minimally invasive and non-invasive sampling and measurement methods.

Currently, there are eight active projects being pursued by the NSBRI Technology Development

Team: three projects continuing from the first research cycle (1998-2000) and four new projects

that were nominally started in February 2001. Some projects had slightly later starts due to

funding transfer issues. The eighth project (Space Qualifiable MRI) began in July 2002. Several

projects have also operated with reduced funding due to NASA funding shortfalls for the

NSBRI. Research program accomplishments during the last 12 months are reported below.

Pro/ect 1: Advanced, Multiple Projection, Dual Energy X-ray Absorptiometry (AMPDX)

Scanner System

PI: H. K. Charles, Jr.

This project used advanced sensor and detector design and fabrication techniques to develop a

compact, storable, low mass, and low powered dual energy X-ray absorptiometry (AMPDXA)

Scanning System that is capable of determining bone mineral density, bone cross sectional area,
and bone moments of inertia at any body site.

This project supports the explicit needs of both the Bone Demineralization/Calcium Metabolism

Research Team and the Muscle Alterations and Atrophy Team. The prototype system is capable

of real-time monitoring of bone and potentially muscle loss at extremely high precision. Since

the resultant measurements are patient specific, the system is useful for monitoring the

effectiveness of countermeasures as well as determining the risk of fracture of individual

astronauts under deployment scenarios. On Earth, the system is a natural adjunct to research on

the effects of aging and disuse on bone integrity along with routine screening for osteoporosis

and monitoring for efficacy of osteoporosis therapy.

The AMPDXA project has had several notable accomplishments during the last 12 months.

These accomplishments were focused in the following areas: (1) Laboratory Test Bed (LTB),
(2) Clinical Test System (CTS) for ground-based human testing, (3) Commercialization of the

AMPDXA, and (4) prototype design for space applications.

Accomplishments:

• Laboratory Test Bed

The LTB has been fully operational for the last four years. It has allowed the AMPDXA project

to develop sources, detectors, and software algorithms necessary for the high-precision detection
of BMD and bone structure. In this current period, the Laboratory Test Bed has allowed the

refinement of our BMD and structure extraction algorithms as well as making continued progress

on the high-resolution separation of soft tissue from bone. Multiple-projection analysis enables

the user to evaluate bone structural properties (e.g., bending strength) independent of subject
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position and orientation. Analysis of LTB imagesand ancillary data has demonstratedan
averagecoefficientof variationin themaximumandminimummomentsof inertial (ImaxandImin)

on the order of 1% for a three-projection estimate. Preliminary experiments with more than three

projections have indicated even further reductions are possible.

Multiple-projection imaging has led to the ability to generate three-dimensional reconstructions
of the imaged bones. Future progress has been made on relating the structural information
extracted from the weight-bearing bones by the AMPDXA to the mechanical properties and

ultimately the risk of fracture. Since the AMPDXA stores and analyses patient-specific
mechanical as well as BMD information on each patient, the risk assessment for each individual

will be unique and not based on population means as is done today with conventional DXA

systems. Preliminary progress has also been made on the extraction of standard radiographic

images using the AMPDXA.

• Clinical Test Unit

The CTU is capable of translation and rotation of the image plane, unlike commercial DXA

systems. The objective of this system, built on the chassis of a used CT scanner to save time and
cost, is to provide three-dimensional bone structural information as well as directly determine

magnification. During the current period, the machine control software has been refined along
with the development of a complete patient imaging protocol. Initial human images have been

taken. Last year, the AMPDXA was moved to a refurbished patient test area within APL's

secure compound. Given the events surrounding September 11, 2001, the ability to access the

APL site by outside visitors has been significantly reduced. Such restrictions would significantly

hamper the clinical testing proposed for the AMPDXA and approved by the Johns Hopkins
Medical Institution's Institutional Review Board (IRB). Thus, a decision was made to move the

AMPDXA outside APL's secure compound and into an adjacent industrial park along with other

APL activities. This moves was completed by late summer and the CTS is now operational in its

new home.

• Commercialization of the AMPDXA

Significant activities have taken place over the last year in the process to commercialize the
AMPDXA. First, a new low-cost commercial unit design was completed. Next, a review of the

potential market and the need for the AMPDXA was assessed. With positive results from the
market study, The Johns Hopkins University Applied Physics Laboratory (JHU/APL) made the

decision to go ahead with commercialization by forming a spin-off company. A business plan

has been written and JHU/APL is in the process of searching for venture capital.

• Space Prototype System

Launch weight and spacecraft payload size limitations are serious factors associated with the

viability of a piece of flight hardware. Without these constraints, commercial DXA systems are

primarily designed for subject comfort and convenience. The project team has pressed hard to
achieve exceptional system performance while also accommodating ease of use, minimum size,

and a significant reduction in weight. The CTS was fabricated with existing components to meet

the budgetary constraints, but a design exists of a system with a mass estimate of 86 kg, which is

notably lower than the originally projected weight of 100 kg. In the 1-3 year timeframe, it is

expected that advancements in x-ray tube technology will further reduce the weight to
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approximately60 kg. In about3-5 years,all of the componenttechnologies(i.e., x-ray tube,
detector,power supply, electronics)will have maturedto the point where a targetweight of
approximately46kg will beachievable.

As mentionedabove under commercialization,a configuration for the AMPDXA has been
conceivedthatoffers designsimplicity resultingin lower developmentandmanufacturingcosts.
This unit would also be suitable as a starting point configuration for a space mission.

Project 2: Portable Neutron Energy Spectrometer

PI: R. H. Maurer, Ph.D.

Galactic and solar cosmic rays are inordinately effective at producing secondary neutrons when

they encounter spacecraft or habitat material. These neutrons can cause cellular and DNA

damage to those exposed. The neutron component of radiation in a space structure is estimated
to be between 30 to 60 percent of the total radiation environment when outside the Earth's

magnetic field. To be able to measure the neutron spectrum, a portable brief case size, real-time

neutron spectrometer prototype with a mass of less than 10 kg has been developed to support the
research of the Radiation/DNA Effects Research Team. It can be used to characterize the

environment for the development of a countermeasure and also can be used as a real-time

monitor to control the application of countermeasures. The instrument measures neutrons in the

range from 10 KeV to 500MeV with at least 10 percent energy resolution and count the number
of neutrons below 10 KeV. This portable instrument incorporates the latest advances in

energetic particle detection technology, including energy loss and total energy measurement,
while building on the successful charged particle instruments built by JHU/APL for
NASA/GSFC and NASA/JPL for many previous near-Earth and planetary missions. As the

neutron energy spectrum is measured, an incorporated alarm will warn astronauts when a safe
threshold is exceeded. The device, because of its small size, can be ported within a space vehicle

or on a planetary surface to map the local neutron environment. This project addresses an

explicit need of the Radiation Effects/DNA Damage and Repair Team.

Accomplishments:

• Detector Hardware

The neutron spectrum of interest spans several orders of magnitude from the thermal (keV) to the

highly energetic (MeV). There does not exist a single detector technology that will provide

adequate sensitivity over this large range. The project team re-examined a number of detector
schemes that might be combined to provide adequate coverage and sufficient overlap between
each detector's neuron energy range. The original prototype detector used a He 3 tube coupled

with a thick, solid-state, lithium-drifted silicon detector. The flight equipment (aircraft and

balloon) was a cesium iodide (CsI) crystal surrounding the thick silicon detector to veto charged

particles passing through the silicon detectors. In this period, a stack detector system consisting
of a silicon transmission detector and a 5-mm thick lithium-drifted silicon detector. This system

has the same charged particle anti-coincidence efficiency under accelerator testing as our flight
detector. This has been verified in experiments with the 14 MeV neutrons. The NES project

also added a Bicron 454 plastic scintillator detector with an attached photomultiplier tube to

cover the mid-range neutron energies.
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• ModelingandAnalysis

Modeling of the responseof the high-energychannelfrom detailedcross-sectionsof thebasic
neutron-siliconinteractionswasundertakenusingstate-of-the-artcomputercodes.Thepurposes
for developing the models were: to assessthe accuracyof thesecodes for neutron-silicon
interactions;to usethesecodesto understandtheresultsof theenergydepositionmeasurements;
to determinewhether these codes can be used to calculatethe effects of packagingand
instrumentsurroundingson the incidentneutronspectrum;and,to assessthe ability of thecodes
to supplementthe experimentaldeterminationof the instrumentresponsefunction. The current
model using GEANT4 (a code library widely used in high energy detector design and
simulationsproducedat CERN) reproducesthe energydepositionspectrameasuredat RARAF
reasonablywell, althoughdiscrepanciesfor thehighestenergydepositionsremainto be resolved.
One interestingresult of this model is a discrepancyat low energiesindicating that gamma
production during exposuremay not have adequatelybeen accountedfor by measuringthe
backgroundspectrumwhen the beam is off. In further work, a deconvolutiontechniquethat
calculatesa mostprobably incidentneutronenergyspectrumfrom the depositedenergyspectra
measuresby the 5-mm thick silicon detectorhasbeenverified. A publicationon this result is
currentlyin ajournal reviewcycle.

• High-Altitude Testing

The prototype neutron energy spectrometer made several flights aboard F15 and FI8 aircraft

during the latter part of FY01. The prototype functioned properly to altitudes in excess of 40,000
feet. Most of FY02 was spent getting the instrument ready for a balloon flight in October 2002.

This flight has occurred and the experimental results are under analysis. The balloon flight was
made at altitudes in the 85,000 to 90,000 foot range. At 85,000-90,000 feet, the remaining

atmosphere of nominally 25 g/cm 2 creates a high-energy neutron environment similar to that on
the surface of Mars (the target Earth nuclei are nitrogen and oxygen, instead of the carbon and

oxygen nuclei on Mars). It should be noted that a prior year proposal for an instrument to fly on
the Mars 2003 Lander was made by the team and was accepted. With the cancellation of the

Mars 2003 mission, the NES project lost that opportunity. The team is preparing additional

information to support a proposal to the Mars 2007 Lander project. In the meantime, a

publication on the NES design concept for the Mars 2003 Lander has been accepted for

publication in Acta Astronautica.

• Materials Analysis and Testing

The proposed research, "Development of a Neutron Spectrometer to Assess Biological Radiation

Damage Behind Spacecraft Materials," was selected for funding for the period May 2000

through November 2003. The primary responsibility under this grant is to support the Lawrence

Berkeley Laboratory (LBL) personnel in the evaluation of spacecraft structural and shielding

materials by supplying a version of the neutron spectrometer suitable for accelerator tests. The

first experiments were conducted in the first quarter of 2001 at Brookhaven National Laboratory

(BNL). These experiments will collide high-energy heavy ion beams with standard and novel

spacecraft materials and the spectrometer will measure the neutron energy spectrum produced as
a result of these collisions. A secondary responsibility for this grant is to continue development

of the modeling effort in a manner that is useful for materials science experiments as well as for

assessment of astronaut biological radiation risk. The NES project team's work on shielding

materials shows that polyethylene is an effective neutron shield. The team has found that for fast
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andhigh-energyneutrons,four inches(10cm) of polyethylene is necessary to make a significant
reduction in the neutron flux. For the fast (10-20 MeV) neutrons, a reduction of a factor of 3 was

indicated while for the high-energy neutrons (20-600 MeV), a factor of 4.5 was determined.

Pro]ect 3: Miniature Time-of-Flight Mass Spectrometer

PI: R. S. Potember, Ph.D.

A high-resolution miniature TOFMS, already under development for other purposes, has been

adapted for space flight. This instrument has the potential to identify and quantify a wide variety

of biomarkers to support biomedical research and medical care. It is a rugged device that will

unambiguously identify samples containing many compounds and be less than one cubic foot in

size, weigh less that 5 kg, and require less than 50 W of power. Its applications include: analysis

of breath, body fluids, products of infection, and perhaps DNA repair products and DNA
mutations. Identification of compounds with mass ranges from under 100 to more than 10,000

amu has been demonstrated. While the instrument has a wide range of usage, the initial focus of

the project is on the analysis of a variety of biological compounds in fluids although the

instrument can be adapted to handle samples of various types. As currently configured, this

instrument is of special value to the Bone Demineralization/Calcium Metabolism Team and the

Muscle Alterations and Atrophy Research Team as well as being useful for gathering data on a

variety of other experiments for the other Research Teams.

Accomplishments:

• Prototype Hardware

A major objective of this project was the design and development of a mass spectrometer system
architecture that can be utilized for diagnostics based on complex, non-volatile biomarkers

species. An orthogonal extraction time-of-flight mass spectrometer (TOFMS) analyzer,

incorporating a dual matrix-assisted laser desorption/ionization (MALDI) and electron ionization
(El) source, was successfully completed and demonstrated. This novel instrument greatly

expands the spectrum of biomarkers that can be measured by incorporating the capability of

electron impact ionization with the previously demonstrated MALDI measurements. A

prototype of this instrument operating out of a suitcase has been demonstrated.

• Detection and Analysis

The TOFMS has demonstrated the detection and analysis of urine biomarkers such as insulin-

like growth factors (IGF-I), urinary 3-methylhistidine, estradiol, creatinine, and trivalent

hydroxypyridinium cross-links. Measurement of such materials is important to both the Bone
and Muscle Teams. The detection of compounds and biomarkers in both blood and saliva has

also been demonstrated_ Using a separate collection system, the breath from human subjects has

also been analyzed.

During the period, the project team has designed and built a portable gas chromatograph-mass

spectrometer (GC-MS) system. The GC-MS system will allow the monitoring of spacecraft for
chemical and biological contaminants in addition to the analysis that can be performed on human

fluids. The team completed studies on oxidative stress biomarkers for early detection of

oxidative damage to DNA including detection at needed physiological monitoring levels. A

study of Zolendronate (a bone loss countermeasure) has begun.
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Pro/ect 4: Improved Bubble Detection for EVA

PI: J. C. Buckey, Jr., M.D.

The objective of the Improved Bubble Detection for Extra-Vehicular Activity (EVA) project is

to improve EVA efficiency and safety through the in-vivo validation of two unique ultrasonic

bubble-sizing and detection instruments that exploit bubble resonance (not Doppler) to

transcutaneously detect and size intravascular and extravascular bubbles (stationary or moving)

in vivo.

NASA presently utilizes in-suit intravascular bubble detection based on Doppler ultrasound as an

early warning for the development of decompression sickness (DCS). Doppler-based systems,
however, can only detect moving, relatively large bubbles and provide little information about

bubble size. The ability to size bubbles, detect stationary bubbles, and detect bubbles smaller

than conventional Doppler-based systems may provide important information for early DSC

detection and prevention. Creare Incorporated, under two large projects for NASA, has

developed two ultrasonic bubble sizing and detection instruments intended for transcutaneous

detection and sizing of: (1) intravascular bubbles in the size range of 30-200 I.tm, and (2)
extravascular bubble detection and sizing in the size range of 1 to 10 p.m. The intravascular

bubble-sizing instrument has been validated extensively in vitro using tissue phantoms that

accurately mimic transcutaneous operation, and it has been successfully applied in a preliminary
in-vivo trial. The extravascular bubble-sizing instrument is currently under development and has

already demonstrated an ability to detect bubbles down to 1 p.m in size in vitro. The instrument

is presently being tested and optimized in vitro using a tissue phantom to simulate transcutaneous
tissue bubble detection. Although these instruments have both been tested extensively in vitro

and some preliminary but encouraging in-vivo work has been conducted with the intravascular
bubble detection device, the potential for in-vivo applications of these instruments has not been

fully explored nor have they been fully validated in vivo. The goal of the current project is to
utilize these instruments to validate and optimize their performance in vivo and to begin to

address several important long-posed DCS research questions.

One longstanding DSC concept is that gas phase nuclei exist normally in tissues before and after

decompression. However, current Doppler-based monitoring techniques only allow for
intravascular detection of relatively large bubbles, and as a result, little is known about the

fundamental development of these bubbles. If, in fact, nitrogen bubbles normally exist in tissue
and could be detected there, this instrument offers the potential to monitor DCS in a novel way,

and potentially monitor the growth of disappearance of bubbles during decompression,

recompression, or during oxygen pre-breathe. Such a capability could greatly enhance our

ability to: (1) understand DCS, (2) detect the earliest stages of DCS, and (3) improve the

efficacy and efficiency of strategies for mitigating the risk of DSC such as oxygen pre-breathing.

Accomplishments:

• Instrument Development

A dual-frequency ultrasound bubble detection instrument is under development. Bubbles
insonified at two different frequencies act as nonlinear mixers and generate signals at both the
sum and differences of the two frequencies. It has been shown that the signals (sum and

difference) are enhanced if one frequency corresponds to the resonant frequency of the bubble.

This phenomenon should allow sizing of the bubbles. Two detection techniques are being
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explored: (1) singlepulse(analyze FFT from a relatively long-duration signal) and (2) multiple

pulse (analyze undersampled signal from multiple short-duration pulses). The team has shown
that the single pulse method has greater sensitivity the while multiple pulse technique offers

greater frequency and spatial resolution.

• Analysis (in vitro and in vivo)

In general, sum signals are detected when bubbles are present and are absent when bubbles are

not present. Strong sum signals have been observed in excised tissue. Sum signals have been

consistently detected at certain anatomical locations (e.g., the hip). Initial studies indicate no

significant time dependence of sum signals occur with both adynamic and decompression

thickness. Significant progress has been made in the creation of bubbles in gelatin as a tissue

simulate.

Project 5: Scanning Confocal Acoustic Diagnostic (SCAD) System for Bone Quality

Assessment

PI: Y-X. Qin, Ph.D.

The goal of this project is to develop a new technology for monitoring bone quality of humans
on Earth and during long-term space missions. This will lead to a better understanding of the

progressive adaptation of bone loss in both aging populations and astronauts subject to

microgravity. The principal objective of this project is to develop a portable scanning confocal

acoustic diagnostic (SCAD) system capable of generating non-invasive, high-resolution

ultrasound (US) attenuation and velocity maps of bone, and thus determining the relationship

between ultrasound parameters and bone mineral density (BMD), bone quality, and other bone

physical properties (i.e., stiffness and modulus). This system is relevant not only for ground-
based determination of bone's physical properties, but can effectively be used in the space
environment to determine subtle changes in density and strength during extended flights. In the

proposed work, we will validate the structure and density information detected by SCAD using

p.CT and mechanical testing methods in ex vivo animal models. Correlations to in vivo DEXA
data derived from humans will also be made. The system can monitor the degree and risk of

bone loss in space and on Earth, and serve as a major step towards clinic usage as an early

diagnostic tool for osteoporosis.

Accomplishments:

During this period, the research team was focused on technology development of the SCAD

system and on determining interrelationship between ultrasound determined parameters and
micro BMD and architectural parameters in a quantitative manner. Bone quality is predicted via

the correlation between SCAD determined data and p.CT identified BMD, porosity, trabecular

space and trabecular width, as well as modulus using a large number of trabecular bone samples.

• Instrument Development

An experimental SCAD system has been successfully implemented, which is capable of

generating non-invasive, high-resolution ultrasound attenuation and velocity maps of trabecular
and cortical bones for predicting the risk of osteoporosis and fracture (U.S. patent pending).

Spatial distributions of ultrasound parameters, i.e., ultrasonic attenuation and velocity, in the

focal region in the trabecular bone can be measured and calculated, and thus it can be converted
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to an image,e.g.,gray scaleor virtual color. Thesenewmethodsrepresenta major advancein
investigatingthe mechanicalpropertiesof materialsby utilizing confocalultrasonictechnology
at appropriatefrequencies.In addition,the ultrasoundresolutionand sensitivityaresignificantly
improvedovercurrentultrasoundapproaches.

A 3-D ultrasound scanning system consists of a pair of focused ultrasonic transducers

(transmitting and receiving), digitally controlled moving stages, an ultrasonic wave generator

unit, a preamplifier unit, and data acquisition unit with hardware. Ultrasonic scanning is

program-controlled by a custom-written computer algorithm. The ultrasound propagates through
tissue via water or acoustic gel. The converged beam can be as fine as 0.3 mm in diameter,

through which most of the acoustic energy passes through the region of interest within the focal

region of the trabecular bone. Thus, the influences of soft tissue, cortical bone and irregular

shape surfaces can be greatly reduced. The resolution of the beam can be adjusted up to 0.1 mm
or less for each incremental step. In this confocal scanning mode, ultrasound parameters, i.e.,

BUA and UV, can generate a spatial acoustic map at the region of interest.

It is critical that acoustic map can be achieved in a fast scanning mode, i.e., testing bone quality

during the space mission. With new design using dedicated CPU board and micro-controller,
acoustic scan can be achieved in a continuous matter, which reduces the scanning time more than

10-fold compared to initial design. The scan time for a 2-D regional map is dependant on the
scan resolution and the moving stage speed and digital response. For example, a 40 x 40 pixel

2-D array requires approximately 3 minutes of scan time, which originally required more than 30

minutes to complete the same scan.

The system, through the use of ultrasound confocal scanning mitigates the difficulties resulting
from current ultrasound apparatus. In particular, focusing energy at a confocal point increases the

sensitivity of a received signal, thereby reducing the noise due to the interaction of the soft tissue
with the cortical shell and thus increasing the resolution. The device then makes it possible to

make a highly reliable prediction of the material properties and density of a specimen through

analytical and experimental calculation and correlation. The generated image of both ultrasound

attenuation (UA) and velocity (UV) will typically comprise of discrete elements (pixels) each

having specific values relating to image data at the individual part of the bone. From the image
data, bone mineral density (BMD) and stiffness can be calculated. A set of computer algorithms

was developed including the functions to calculate the interrelationship between acoustic

parameters, the bone stiffness and density in a region of interest using linear and/or non-linear

regression analyses.

• Bone Structure Determination

It is hypothesized that musculoskeletal disorders, e.g., osteoporosis, change not only the structure

and the mineral density (BMD), but also the modulus and stiffness of bone. Advents in ultrasonic

techniques provide an intriguing and a physical modality for characterizing not only the
structural but also the material properties of bone in a manner of non-invasive, non-radiation,

non-destructive, safe and relatively accurate. These changes in bone properties can be evaluated

using the combination of micro-CT, mechanical testing and ultrasound mapping. While
ultrasound provides only the acoustic wave propagation parameters when waves pass through the

specimens, it becomes essential to propose a relationship between detected acoustic signals and

bone properties. As an initial database, SCAD determined US velocity and attenuation are
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correlatedwith micro-CT identifiedBMD, porosity,trabecularthicknessandtrabecularspace,as
well asmaterialbulk modulusdeterminedthroughex vivo animal bone tests.

A total of 61 sheep trabecular bone cube specimens (1 x 1 x 1 cm), were harvested from the

distal femoral condyle. These were scanned in three orthogonal directions: longitudinal, med-lat

and ant-post to determine UV and BUA. In comparison, bone's trabecular mineral density was

determined by micro-CT measurements with a spatial resolution of approximately 30 micron

(n = 17). Bulk mechanical modulus of the cubes was determined by a contact compressive
mechanical testing in a MTS machine in all three orthogonal directions (n = 44). To predict

bone's structural and strength properties, a series of regression analyses were conducted between

the results of laCT determined BMD, and stiffness, and the results obtained from the ultrasound

measurements.

Through a micro-CT 3-D reconstruction, a number of parameters, such as the total volume (TV),
bone volume (BV), bone mineral content (BMC), and BV/TV, were determined. These data

show that the ratio of BV/TV in the normal group was 54.48 + 2.3% and 49.45 + 3.5% in the

osteopenia group. These results have demonstrated a spatial difference among the samples,

which is difficult to detect by normal ultrasound methods.

Project 6: Heavy Ion Microbeam and Micron Resolution Detector
PI: V. Radeka

The use of high-energy microbeam provides a unique way to control the number of particles

traversing individual cells and localizing the dose within the cell. High-energy heavy charged

pariicles transfer their energy to biological organisms through high-density ionization and
excitation along the particle track even with uniform irradiation. This characteristic of

microscopically non-uniform dose delivery is expected to induce complex DNA damage and

mutagenesis. This is contrasted to the relatively uniform dose delivery produced by gamma rays
or electron beam irradiation. To investigate the distinct biological effects of heavy ions,

especially to determine the effects of occupational and environmental exposure of very low
doses of heavy charged particles (e.g., since virtually no cells receive more than one traversal

cosmic ray HZE particle in its lifetime in a spaceflight environment), one approach is to select
cells with the desired exposures from a randomly irradiated population.

Therefore, the goal of the Heavy Ion MicrobeamfDetector project is to design and test a high-

energy microbeam apparatus and a micro-resolution solid-state detector for space radiobiology
studies. Such a facility permits heavy-ion radiobiology to address specifically the impact of

signal transduction between cellular compartments as well as issues related to intercellular
communication at limiting low fluences where not all the cells in a population have been

traversed by even a single particle. Moreover, a high-energy ion microbeam will permit
researchers to address an important unanswered question: whether neurons that survive traversal

by HZE particles develop changes as a late consequence of the damage they incurred. Therefore,
these low-fluence studies promise to aid in our understanding of the consequences of exposure to

high-LET radiation such as encountered in the space radiation environment. The project

involves the development of two major tools:

,
A microbeam of heavy ions (e.g., iron) at energies higher than at existing microbeam

facilities (up to 3 GeV/nucleon). The microbeam would have a sufficiently small

diameter (about 10 micrometers) to localize the ions to a single cell.
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. An electronic position sensitive detector for heavy ions with a position resolution better
than 1 micrometer, to localize the position of ion impact within a particular region of the

cell.

These developments will advance significantly the state-of-the-art of high-energy heavy ion
microbeams and of high-resolution heavy ion detectors. For the cell studies employing these

tools, the necessary infrastructure will include a micropositioning stage with a microscope and

auxiliary detectors.

Accomplishments:

• Detectors

Various detector designs were evaluated including double-sided strip detectors, pixelated

detectors, and the alternating stripixel detectors (ASD). The stripixel detector was selected as the

most promising approach for making a high-resolution detector. The ASD consists of individual

pixels alternately connected by X and Y readout lines (strips). The advantages of the stripixel
detector are:

(1) Both the pixels and strips can be made with a very small pitch in both directions (few

micrometers). A few micrometer pitch (8-9 ktm) allows submicron position resolution in two

dimensions.

(2) The narrow strips (2 _m) produce low leakage currents and capacitance.

(3) The ASD also have flexibility to work with various readout schemes.

The simulation of the ASD chip design has been completed and the first prototype detector has

been fabricated. While not completely functional, the first chip demonstrated that the desired

patterning and resolution of features could be achieved. The large area test structures were
functional. Some interconnection problems (opens) existed between first and second level metal.

A new double-level metal process was developed that remedied the open contact problem.

A second batch of detectors is approximately 70% finished. It is anticipated that the detector

chips will be fully functional. A 16-channel, low noise readout has also been designed and has

begun fabrication.

Proiect 7: Design of a Dynamic Exercise Countermeasures Device (DECD)
PI: B. L. Davis, Ph.D.

The objective of this study is to design and develop an exercise device that primarily counteracts

microgravity-induced bone loss and muscle atrophy. Secondary benefits will include alleviating

some of the problems associated with vestibular and cardiovascular adaptations to microgravity.

This dynamic exercise device is based on data previously collected under NASA grant NAGW-

5006.

The DECD will be designed and constructed by Foster-Miller Incorporated. The assembly is

designed as an exercise machine that allows the subject to simulate jumping in a microgravity
environment without subjecting the surrounding vehicle structure to any significant impact loads.

The assembly configuration is based on the conservation of the momentum principle whereby

the subject "jumps" on a platform with mass similar to that of the subject. Both the subject and
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the platform aremountedon two coaxial supportrails. Theyareboth free to move relativeto
eachother alongtheserails. The subjectand the platformareconnectedby a pair of sleeved
adjustableforce springs. Thesespringsaretensionedto producea force that approximatesthe
subject'sbody weight in a gravity environment. The subjectis restrainedon a torso support
carriage. He placeshis feet on thepush-offplateandpushesthe counterbalanceassemblyaway
by straighteninghis legs. This stretchesthe force springsand simulatesstandingin a gravity
environment. The subjectthenbendshis kneesand "jumps" off the platform. This jumping
forcecausestheguidedsubjectandtheguidedcounterbalanceassemblyto separate.

Thetwo masses,travelingin oppositedirections,will bedeceleratedby the forceappliedby the
interconnectingadjustableforce springs. The decelerationrates will be proportional to the
masses. When motion has stopped,the two masseswill acceleratetowards eachother. The
subjectwill "land" on the platform and softenthe landingforce by bendinghis knees. Both
moving masseswill decelerateto zero. This is equivalentto jumping in a gravity environment.
This jumping cycleand the primary forcesgeneratedand reactedwithin the exercisemachine
assemblyarebalancedandisolatedfrom theexteriorenvironment.This arrangementwill notbe
sensitiveto massdifferencesbetweentheloadedcarriages.Whensubjectedto the sameforce,
both will have the same momentum with compensatingdifferences in accelerationsand
velocities.

The primary strengthof this project is thatthe DECD targetsmultiple systemsof the bodythat
areadverselyaffectedby prolongedmicrogravity. The exercisecountermeasuredevicethatwe
aredevelopingwill providephysical stimuli to bones,muscles,the cardiovascularsystemand,
most likely, the vestibular system. Another strengthof the project lies in its simplicity.
Astronautswill performjumping exerciseswhile they aretetheredto a supportplatform. The
principle of conservationof momentumdictatesthat whenanastronautpushesoff the platform,
he/shewill experiencea "flight" phasefollowedby an impactphasewhen "landing" occursand
thereis contactwith the supportplatform. Thedeviceis beingdesignedwith key considerations
for mass,andfor this reasonthe supportplatformwill consistof anemptychamberthat will be
filled oncethespacecrafthasreachedits orbit, andminimizingunbalancedforcesandvibrations
thataretransmittedto thespacecraft.

Using the DECD: (1) astronautswill be ableto exercisewithout the needfor uncomfortable
harnesses(since we generatethe same forces under the feet with tether forces of 50%
bodyweightaswe do with 100%bodyweighttensions),(2) the hardwarewill be considerably
lighter than the treadmill flown on previousmissions(60 kg comparedwith 320 kg), and(3)
future researchwill needto focuson the in-flight benefitsof jumping exercisesversushigh
frequencyvibrationsthatareappliedthroughtheundersurfaceof thefeet.

Accomplishments:

Significant progress on the DECD has been made. The design and fabrication of the second (or

working) prototype is nearly complete. The selected dynamic exercise countermeasure device

(DECD) configuration has been sized for a user population with body weights between 54 and

89 kg and standing heights between 162 and 175 cm. The device measures 305 cm in length, 89
cm wide, and 47 cm tall. Estimated empty weight is 60 kg. The general arrangement includes a

pair of side rails positioned to be coplanar with the combined user/carriage center of gravity and

the loaded platform center of gravity. The platform tank is being sized to achieve a platform-

loaded mass of 82 kg. The DECD includes a load adjustment feature in the form of a hand crank
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andindicatorwhichwill allow theuserto preadjustthestandingloadforceexperiencedbetween
userandplatformbetween40% and60% of the userbody weight. A total of four shockcords
eachwith a free length of approximately460 cm long arebeing usedto developthe standing
force. Shocktestingis currentlyunderwayto selectthe optimum lengthof shockcord required
to satisfythespecifiedloadrange.

Proiect 8: Space Qualifiable MRI System
PI: I.N. Bankman, Ph.D.

The objective of the Space Qualifiable MRI System project is to develop a proof-of-concept

engineering model of a Magnetic Resonance Imaging (MRI) system for small animal models and

possible astronaut limbs that can be space qualified. Small animal MRI systems, although

commercially available, are too massive to be considered for spaceflight, with masses >1000 kg

and power requirements of >5 kW. Availability of a flight qualified MRI could especially

benefit the study of physiological alterations in the space environment and the development,

verification, and maintenance of countermeasures. The countermeasure development efforts of

the following NSBRI teams would be significantly enhanced: Bone Loss, Cardiovascular

Alterations; Muscle Alterations and atrophy; Neurovestibular Adaptation; Nutrition, Physical
Fitness and Rehabilitation; Radiation Effects; DNA Damage and Repair, and Smart Medical

Systems. This will establish a new era in space physiology research complementing and

evaluating the effectiveness of the hind limb suspended mouse and rat models and human bed
rest studies that are routinely carried out on Earth. Frequent MRI scanning of mice and rats in

space is especially important to many of the research teams for understanding the basic processes

at work.

The major goal of this project is to develop an engineering model of an MRI system for human

limbs and small animals, specifically mice and rats, to demonstrate that a flight qualified system

can be fabricated with the following characteristics:

• Field strength >1 Tesla and perhaps as high as 1.5 Tesla.

• Field inhomogeneity <8 ppm over spherical imaging volume of 10 cm diameter and

_<10 ppm out to 15 cm.

• Imaging of small animals (mice and rats).
• Standard resolution mode giving a resolution of 234 microns over a spherical imaging

diameter of 6 cm for mice and rates.

• Higher resolution mode giving a resolution of 117 microns over a spherical imaging
diameter of 6 cm for mice and.

• Mass <150kg.
• Average power in standby mode <1 kW and during normal use <1.2 kW.

The proposed design is a compromise between field strength, imaging volume, system mass,

system average power, and the ability to image small animals with sufficient resolution.

Accomplishments:

The MRI Project just began in July of 2003, after a change of PI and some refocusing of project

goals. Currently, the project is conducting a detail trade-off study between image resolution and

both the magnet bore size and strength subject to a weight constraint of less than 150 kg.
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General Team Accomplishments:

The NSBRI Technology Development Team is characterized as an integrated, multidisciplinary

group chartered to develop systems, instrumentation, devices, and algorithms. The
accomplishments noted above provide a clear demonstration that this objective has been

achieved. In addition to this, the project teams have demonstrated unique capabilities of being

able to structure and accomplish complex applied research and development. An article

describing the Technology Development Team activities was published in Radiation Protection

Dosimetry. Some of the characteristics and accomplishments that cross project boundaries are:

• The capability to successfully conduct rapid system prototyping.

All of the Technology Development Team projects were successful in accomplishing the goal of

developing and demonstrating prototype system implementations. A number of patent
disclosures and/or applications have resulted from the developments. The ability to support the

development of practical and useful tools in support of basic research requirements is a necessa_
element of a successful undertaking such as the NSBRI.

• The capability to transition developments to practical embodiments.

As an extension of the prior item, it is not sufficient to develop unique, one-of-a-kind prototypes.

The developments must have practical means of supporting the basic research efforts by

providing reliable and robust tools. The Technology Development Team projects have

successfully demonstrated the ability to transition their developments to the real-world

environment. For example, the AMPDXA scanner is ready to support human testing and
commercialization efforts are underway. The SCAD system is ready for human testing and a

prototype dynamic exercise device has been built.

• The capability to network and collaborate with NASA, the medical community, etc.

All of the Technology Development Team projects have established close and on-going
interactions with NASA and the medical community. The interactions were initiated during the

project proposal phase to assure that the intended development addressed a current space issue
and was founded in a practical medical basis. The interactions have experienced positive growth

and expansion throughout the research and development cycle. The result of the networking is

that the resultant development products have validated utility to the space and medical
communities. And, the networking within the communities has provided very good exposure

and visibility for other applications and opportunities. A Technology Working Group meeting

was held in January at the NSBRI retreat. At this meeting, over 35 opportunities for technology

and instrument development were identified.

• The capability to produce quantifiable results to support countermeasures research.

The basic research programs of the NSBRI are charged with developing and evaluating

countermeasures to the effects of long endurance exposure to microgravity. This effort requires

that cause and effect relationships be identified and characterized. Proper characterization

mandates that empirical data be referenced to a standard and be quantitative in nature. All of the

Technology Development Team projects have achieved a level of standardization and

quantitation that is necessary to support the basic research initiatives. In fact, some of the
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engineeringmodels that have resulted from the team's activities exceed the accuracy and

precision found in existing clinical and commercial systems (e.g., the AMPDXA and the SCAD).

Implications of Accomplishments

The seven active NSBRI Technology Development Team projects are making significant

progress against their development goals. The three continuing projects have operating
instruments, while the relatively new projects are in various phases of instrumentation

development. For example, the two AMPDXA instruments (LTB and CTS) are operational and
the CTS is being readied for human trials. In addition, commercialization discussions are

underway to transfer the technology to industry. The neutron spectrometer is being readied for a

high altitude balloon flight after completing several successful aircraft flight tests. The TOFMS
has identified with high sensitivity several biomarkers associated with bone and muscle loss.

The heavy ion microbeam and detector system has been designed and the detector fabricated.

When completed, this resource will address several very current and significant issues in cellular

biology. The SCAD system is operational and is performing correlation studies between
measurements in the extremities and the weight-beating bones. The bubble detection project has

developed prototype equipment that has detected microbubble formation at various nucleation
sites within the body. The DECD is in its second prototype design phase. Each of the projects

and prototype instruments is addressing the major goals of the Technology Development Team,
the NSBRI, and NASA by either developing research tools that facilitate the measurement and

analysis of critical parameters necessary for the research of the other NSBRI teams or creating
direct countermeasures to the risks encountered in long-duration spaceflight.

The Technology Development Team is constantly on the alert for technological developments

and advancements (Goal 1) that will have impact on both the NSBRI and space life science

research. For example, working closely with the Bone Team, the Technology Development

Team was able to identify two major impediments to the development of countermeasures for
bone demineralization: understanding of the bone mineral loss process and being able to monitor

the instantaneous conditions of the subjects' bones. The TOFMS (Project No. 3) has been

adapted to monitor the biomarkers for bone loss. While the TOFMS was developed under

DARPA funding for solids analysis, newly invented methods of sample preparation and fixing

techniques has allowed its applicability to biological specimen analysis. Historically, space-
based monitoring of such biomarkers has typically relied on collection of specimens (urine,

blood, etc.) and then storage of the specimens until Earthly return. Specimen analysis may,

under good conditions, be completed many months after completion of the mission, but certainly

does not afford the ability to provide closed-loop monitoring and control of countermeasures

(Goal 2).

The AMPDXA project (No. 1) and the SCAD project (No. 5) specifically address the

monitoring issue. Both these projects have completed engineering model instrumentation

developments (Goal 2) and have demonstrated the ability to provide quantitative information that
is critical to the current and future research of the Bone Team. These devices have been

designed to be directly adaptable for in-space use. Size, weight, and power are currently, or soon

will be, appropriate for routine launch and regular use on-orbit or in missions beyond Earth.

Using advanced automation techniques (Goal 1), these devices and their associated analysis
methods can be operated by individuals with very little training. Thus, the devices have broad

utility in both space- and Earth-based applications.
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Thebonedemineralizationconditionsthat astronauts experience in space are similar to those that

exist in clinical populations (e.g., age-related osteoporosis, quadriplegic, etc.) on Earth. Thus,

the research supported by the AMPDXA, SCAD, and TOFMS is expected to have a direct

positive influence on health care delivery on Earth (Goal 3). In addition, the technology itself
has demonstrated better performance than commercially available devices. In particular,

commercialization (Goal 4) of a clinical version of the AMPDXA is being pursued that has great

potential to improve screening and treatment for age-related osteoporosis.

Muscle alteration research faces the same challenges of loss mechanism determination and

monitoring as noted above for bone. Both the AMPDXA and TOFMS provide the same

capabilities (i.e., monitoring and biomarker determination, respectively) in support of risk

reduction for muscle as they do for bone. Advanced AMPDXA muscle algorithms (Goal 1),

coupled with a radical new x-ray source (Goal 1), offer a promise of similar precision
measurements of muscle as has been demonstrated for bone. The DECD (Project No. 7) offers

the potential to directly countermeasure muscle loss in space (Goal 2).

Exposure to radiation in space is a threat that can lead to an increased risk of cancer and DNA

damage. A significant portion of the exposure, between 30-60%, results from neutron sources

that are extremely difficult to monitor, let alone characterize, in real-time. The absence of a

portable, quantitative, real-time neutron spectrometer results in an exposure safety risk for

astronauts (Goal 1). The Neuron Energy Spectrometer Project (No. 2) is developing a

spectrometer (Goal 2) that can supply information on the neutron environment to the Radiation

Effects Team in support of assessing radiation damage and cancer risk. The prototype of this

unit is operational and has just completed several flight tests on F15 or F18 aircraft as well as

long-duration, high-altitude balloon flight. The Ion Microbeam Project (No. 6) will address

radiation damage at the cellular level.

Orthostatic intolerance can result in syncope when an individual is subjected to gravitational

influence after exposure to microgravity. This situation can pose severe risks to astronauts who

have to execute unassisted emergency procedures or extraterrestrial landings. The need to

predict, prevent, or control orthostatic intolerance and its effects is significant to the space

program. Both the TOFMS and the MR/project (No. 8) have the ability to provide near real-
time monitoring of parameters related to orthostatic intolerance. The TOFMS can detect various
heart-related biomarkers and the MILl will be able to monitor soft tissue, including vein and

artery blood volumes and fluid shifts, in animals and potentially on the extremities of the
astronauts.

To identify and appropriately fund these pipeline projects requires constant interaction between
the NSBRI research teams and the Technology Development Team. To promote this integration,

which satisfies much of Goal 5, the Technology Development Team established the Technology

Working Group (TWG) as a formal mechanism for this liaison. Meetings of the TWG have been

conducted frequently with expanded participation from academia, industry, and government. In
addition, Technology Development Team participation in the annual retreats of the other teams

also fosters cooperation and the synergism necessary to identify the technical requirements (Goal

1). Such input from NSBRI research teams, coupled with strong industrial and academic input,

allows the Technology Development Team to develop calls for research that address

technological solutions for the risk factors associated with long-duration spaceflight that are in

concert with the established research goals of the other NSBRI teams. Part of the strategic

growth plan for the Technology Development Team is the ability to direct key technology
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developmenteffortsin additionto or in conjunctionwith theprojectsreceivedin responseto the
researchannouncements. Such responsesmay leave gaps in the envisioned technology
developmentrequirements. A recentmeetingof the TWG identified over 35 instrumentsor
technologydevelopmentneedsof the spaceresearchcommunity that are not currently being
addressedby theNSBRI TechnologyDevelopmentProgram. Thesegapsoffer opportunitiesto
fosterimportantresearchthatcould acceleratetheoverall spaceeffort. Supportsourcesfor such
selectedtop-downdrivenresearchwill haveto bedeveloped.
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UB June28,2002

TO:

FROM:

SUBJECT:

U/AssociateAdministratorfor Biological& PhysicalResearch

UB/ActingDirector,BioastronauticsResearchDivision

Chair,NSBRIStrategicPlanPeerReviewPanel

Completionof PeerReviewof NationalSpaceBiomedical
ResearchInstitute(NSBRI)StrategicPlan

In theirNovember27,2001"passback,"theOfficeof ManagementandBudgetdirected
NASA to conducta peerreviewandevaluationof NSBRI's StrategicPlanprior to providing
anyadditionalfundsto theNSBRI. TheDecember2000SiteVisit of theNSBRI, conducted
bytheNASA Chief Scientist,alsorecommendedthat theNSBRI shouldprepareforward-
looking StrategicPlanfor NASA's review. NASA HeadquartersreceivedNSBRI's Strategic
PlanandsupportingdocumentationonMay28,2002. This StrategicPlanandother
backgrounddocumentswereprovidedto themembersof a peerreviewpanelchairedby'
JudithVaitukaitis,M.D., (Directorof theNationalInstituteof Health'sNationalCenterfor
ResearchResources).Themembersof thereviewpanelarelistedbelow.

SteveBeckwith,Ph.D.,Director,SpaceTelescope Science Institute

Carolyn Huntoon, Ph.D., Former Director. NASA Johnson Space Center

Carol'Scott-Conner, M. D., Ph. D., Head, Surgery Dept., University of Iowa

James Snow, M. D., Former Director, National Institute of Deafness and

Communication Disorders

Frank Sulzman, Ph.D., Former Deputy Division Director, Life Sciences, NASA HQ

Judith Tintinalli, M. D., M. S., Chair, Emergency Medicine Dept.

University of North Carolina, Chapel Hill

By telecon: Allan Tobin, Ph.D., Director, Brain Research Institute, UCLA
(Chair, 2000 Chief Scientist NSBRI Site Visit Review Panel)

The charter for the review panel is enclosed as Attachment #1. The review panel met in

Washington DC on June 10 -11, 2002 to evaluate the NSBRI's Strategic Plan. The consensus

report of the committee is enclosed as Attachment #2. This report was provided to the
NSBRI, which, in turn, provided a response plan (Attachment #3) back to NASA on June 21.

NASA Johnson Space Center (JSC) also prepared a response (Attachment #4) to those panel

recommendations that were directed to NASA as well as to the NSBRI. Both responses were



givento the review panel with requests for comments or suggestions regarding the adequacy,

appropriateness, or completeness of the NSBRI and NASA response plans. Four members of

the review panel responded with written comments. On June 26, I held a teleconference with

the Panel Chair to discuss the response plans and the panel member comments. Dr.

Vaitukaitis agrees that the NSBRI and NASA JSC were responsive to the recommendations of

the review panel. Her concurrence is provided below.

Some additional comments and suggestions arose during the panel member's review of the

NSBRI and NASA JSC response plans. The first suggestion pertains to the term of

appointment of the Director. It was noted that the recurrent one-year appointment of the

Director with annual Board approval may be a significant deterrent for recruiting outstanding

candidates. It was suggested that the NSBRI consider, say, appointing the Director for five

years, with the first year or two being a conditional appointment so that the individual can be

readily removed for lack of acceptable performance. One year may be insufficient for a

provisional appointment to assess the creativity and leadership skills of the Director. It takes

three to five years, and a Director willing to make difficult decisions, to develop strong

programs. A longer tenure will not only provide continuity but also more likely provide

strong leadership from an outstanding Director who holds a five-year renewable position.

Second, some members of the panel wanted to reiterate and punctuate the panel's

recommendation that the Institute needs to make real and measurable progress towards

developing active interventions at higher Countermeasure Readiness Levels (CRLs). The

NSBRI should develop tangible performance metrics in order to assess their progress in

transitioning toward higher CRLs.

In general, it was the opinion of the panel members that NSBRI had fully and realistically
addressed their concerns and recommendations and had put forth a response plan that would

help NASA develop effective countermeasures for human space flight.

A number of the review panel's recommendations can only be accomplished over time. I will

work with JSC and the NSBRI to ensure that the committee's recommendations are

considered in good faith in decisions made over the upcoming years. The recommendation
that "'NASA should increase and stabilize the NSBRI budget" will require changes to our

current plans. We should take these recommendations, together with the results of the
Research Maximization and Prioritization (REMAP) task tbrce, into account in our budget

discussions this Summer.
Concurrence:

Guy Fogleman. Ph.D.

Acting Director
Bioastronautics Research Division

Judith L. Vaitukaitis. M.D.

Director, National Center for Research Resources

National Institute of Health
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CC:

JSC/AA/J. D. Howell

SA/J. A. Rummel
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I ABSTRACT

The NASA Critical Path roadmap for Bone includes tbur areas of primary

concern fi)r astronaut health and mission success: 1) progressive bone loss, 2)

quantil}'ing t'racture risk and promoting fracture healing, 3) connective tissue injury

affecting ligament, tendon, and intervertebral disc, and 4) renal stone formation. The

delay in the return of bone mass following return to earth's gravity is also of concern

because of the potential short-, and long-term impact on skeletal integrity as Astronauts

age. These concerns are as applicable to the health of individuals on earth as they are to

Astronauts during and after spaceflight.

The development of effective countermeasures to each of the Critical Path factors

depends on an understanding of the complex mechanisms that promote bone loss during

prolonged exposure to weightlessness. To achieve this goal the Bone Team program

includes both basic (CRL level 2) and applied (CRL levels 6) research studies involving

nine principal investigators and their collaborators. During the past ,,,ear efforts have

been made to expand interactions between team members as well as with counterparts at

the Johnson Space Center with the goal of achieving operational status for certain of

these projects.

Each principal investigator has reported significant research advances aimed at

countermeasure development and testing during the past year.

The Karsenty group (Baylor) has demonstrated that the sympatheteic nervous

system is the mediator of leptin anti-osteogenic function and that [3-blockers, a

class of sympathetic nervous system inhibitors, can prevent the occurrence of

osteoporosis in ovariectomized mice.

Isales (Univ. Georgia) has utilized experiments involving three models: (1)

Human; a pilot cross-sectional study taking forty normal volunteers and

measuring a number of hormones including GIP and bone density, found that

GIP levels were positively correlated with BMD. Also, over expression of GIP in

transgenic mice is associated with increased bone density.

Hormonal regulation of bone cell differentiation and bone resorption has been

advanced by the finding that the vitamin D agonist EB 1089 increases cancellous

bone mass without causing hypercalcemia. Also, that the SERM raloxifene

increases bone mass in male rats. (Smith, Weigel, Baylor)

Bolander (Mayo Clinic) reports expected rates of fracture healing in hindlimb

suspension rats vs controls. However, the smaller fracture calluses observed in
HLS animals was associated with decreased formation of subperiosteal bone and

cartilage.

Bloomfield (Texas A & M) have developed an animal model to study muscle

and bone reconstitution after mechanical unloading. Results indicate that

following mechanical unloading there is a significant mismatch of bone strength



whenmusclestrengthhasfully recovered.Thiswill '+vhich will permit testing of

cotmtermeasurcs PHI and growth hormone.

Schaftler (Mt. Sinai) has observed that the bisphosphonate risedronate may not

fully protect against bone loss in the immobilized limb- canine model of disuse

osteoporosis

The response to a cotlntermeasure will in part and a potential countermeasure,

vibratory mechanical loading, has been investigated by' Rubin et al. (Stony

Brook) who have explored the activation of bone genes responsible for the

maintenance of bone mass following the use of vibratory' mechanical stimuli

(Rubin).

The Rubin group has received funding for the development of a prototype

vibrational instrument suitable for flight testing.

Studies in spinal cord injury subjects confirm the utility of this model as a

surrogate for bone loss experienced during spaceflight (Shapiro, Uniformed

Services University). Radiographic studies point to deficient periosteal bone

formation in weightlessness. Bisphosphonate treatment is a potential

countermeasure to bone loss. Zoledronate, a novel potent IV bisphsdophonate,

is being administered to spinal cord injury subjects in a double blind placebo

controlled study.

Zerwekh (Texas Southwestern, Dallas) has used chronic bed rest to demonstrate

the effectiveness of KMgCit in lessening the risk of renal calculi in healthy

volunteers.



!! INTRODUCTION

Functionof themusculoskeletalsystemis uniquelydependentonEarth'sgravity.
Althoughtile remarkableadaptiveability of humansto themicrogravityenvironmenthas
allowcdastronautsto maintainoverall l\mction,themusculoskcletalsystemrapidly
degradesoncethetbrceof gravity is removed. Muscle atrophy has been documented by

biopsy alter l 1 days in flight. Muscle strength is significantly impaired. This loss of
mechanical strain rapidly indices cortical and trabecular bone loss. which increases the

risk of fracture. The mechanisms relating muscle loss to increased bone resorption are

unknown.

American and Russian studies have demonstrated that bone loss during flights

lasting 4 to 6 months approximates 1-2% per month. However, researchers have reported

the range of bone loss in Mir cosmonauts varies from 0% to 24% per month when
measured by pQCT technology' in cancellous and cortical bone in the tibia. Bone loss of

this magnitude has been observed in human bed rest studies and in recently individuals

following spinal cord injury (vide infra). The loss of bone mass compromises bone

strength, and increases the risk of fracture. Attempts are in progress to model the risk of

fracture alter extended duration spaceflight as might occur on the Mars surface. It is

likely that fracture risk would increase 2.5 fold for each decrease of 1 standard deviation

(SD) from the young adult peak bone mass. After a 6 month voyage a 15% loss of bone

in the femur neck could represent a 5-10 fold increase in fracture risk for astronauts

starting to work on the surface of Mars.

We have virtually no information about the healing processes that would follow a
fracture or tissue-based measures such as the application of gro_th factors that could be

used on-site to promote fracture healing. A related issue involves the appropriate

orthopedic measures for treating the fracture. We know that flight crews commonly

experience back pain secondary to altered intervertebral disc mechanics during

weightlessness. The Bone Team has not been successful in advancing research about

back pain after microgravity exposure, nor is research involving the cartilage response to
microgravity being currently funded by NSBRI. This reflects a paucity of laboratories

tbcused on this question. A countermeasure for the prevention of renal calculi is now

under study, and this parallels investigations in renal stone prevention being carried out

by Astronaut Peggy Whitson in the ISS.

The NSBRI Bone Loss Team aims to: 1) advance our understanding of the

mechanisms involved in bone loss and connective tissue injuries, and, 2) the group aims

to develop an effective countermeasure to bone loss. Countermeasures utilized by NASA

to date, including in-flight exercise regimens and novel exercise hardware, dietary and

vitamin supplements, and pre-flight conditioning, have not prevented bone loss during

long duration flights. Exercise regimens and exercise instrumentation are currently being

tested in-flight on ISS. Pharmacological interventions are also under investigation but

have not advanced to operational status pending the outcome of earth studies. It is

anticipated that an effective countermeasure program to prevent bone loss will combine
resistive exercise and an anti-resorptive pharmacological agent. Other agents may be

more suitable in the future.



As discussedbelow,progressin these areas will rc,:._ire a better understanding of

the basic mechanisms that alter bone cell function in a mic.-agravity enviromnent. The

current Bone Team research program includes basic and aTplied research targeted at

countermeasure development. As a group, the projects I\'cus on issues relevant to
mechanisms of bone loss, [racture healing, the problem of :ile delay in recovery of bone

strength after weightlessness, as well as, means that may be employed in the near future

to mitigate the negative effects of microgravity on bone cells. It is obvious that research

which is applicable to astronauts, will also be of use to ear'.?.-bound individuals in non-

weightbearing situations (nursing home residents, the chrc_ically ill, children and adults

lacing chronic immobilization following trauma).

III Research Program, Structure and Design

Bisphosphonates:
1) Human efficacy (Shapiro)
2) Bone quality Schaffler)

Receptor Agonists:
Estrogen & Vit D )
(Smith, Weigel

Novel Hormonal
Mechanisms Reclulatincl
Bone Remodeling

1)Leptin (Karsenty)
2)GIP (Isales)

Biophysical Methods
Vibrationlgene

expression(Rubin)

Skeletal Health

In Space

_',._ Fracture

healing
(Bolander)l

Post-Wei,qhtlessness Restoration of Bone/Muscle
(Bloomfield)

IV RESEARCH PROGRAM ACCOMPLISHMENTS

Publications related to these studies are indicated bx "* at the end of each

summary. Countermeasure Readiness Levels are indicated _CRL)

1. Karsenty
Loss: CRL 3

(Baylor): Leptin as a Regulator of Bone Fo.._nation in Microgravity Bone



This study demonstratesa leptin-dependentneuronal regulation of bone
fornmtion with potential therapeuticimplications for osteoporosisduring and after
spaceflight. We previously'showedthat leptin inhibitsbonefornlationby all undefined
mechanisnl

Leptin producedby fat cellsis apowerful inhibitor of boneforn-lation.In the last
year we have continuedour work on the mechanismswhereby leptin inhibits bone
formation. To that end we have identified hypothalamicneuronsrequired for this
function. Weshowthathypothalamicleptin-dependentanti-osteogenicandanorexigenic
networks differ, and that the peripheralmediatorsof leptin anti-osteogeniclimction
appearto beneuronal.We haveshownthatfollowing leptin bindingto its hypoathalmic
receptorsthe mediator of leptin antiosteogenicaction is of neuronalnature. We
demonstrated that the sympatheteic nervous system is the mediator of leptin
antiosteogenicl\mction. Neuropeptidesmediating leptin anorexigenicfunction do not
affectboneformation. Leptin deficiency results in low sympathetic tone, and genetic or

pharmacological ablation of adrenergic signaling leads to a leptin-resistant high bone

mass. [3-adrenergic antagonist increases bone mass and can prevent the occurrence of

osteoporosis in in wild-type and ovariectomized mice. This could be of therapeutic use

to increase bone formation in bone loss conditions. None of these manipulations affects

body' weight.

**S. Takeda, F. Elefteriou, R. Levasseur, X. Liu, L. Zhao, K. L. Parker, D. Armstrong, P.

Ducy and G. Karsenty. Leptin regulates bone formation via the sympathetic nervous

system, Cell (November 1), 111:305-317, 2002

2. Carlos M. Isales, M.D. Therapeutic Modulation of Systemic Glucose-Dependent

Insulinotropic Peptide Levels to Counteract Microgravity-induced Bone Loss CRL 3

During the last year my laboratory has worked with the enteric hormone, glucose-

dependent insulinotropic peptide (GIP), secreted from the small intestine in direct

response to nutrient intake. Our hypothesis is that GIP might be an important hormonal

link between nutrient ingestion and bone formation and that by therapeutically elevating

GIP levels, coupled with strict dietary control, it will be possible to mitigate the impact of

microgravity. Current experiments involve three models: (1) Human; we have done a

pilot cross-sectional study taking forty normal volunteers and measuring a number of

hormones including GIP and bone density. We found that GIP levels were positively

correlated with BMD (rho=0.29, p=0.07). Fat mass was also evaluated and was found to

be correlated with BMD (rho=0.16, p=0.02) & BMC (rho=0.20, p=0.003), while leptin

was not significantly associated with BMD (rho=0.11, p=0.12) or BMC (rho=0.006,

p=0.93). This study is now being extended to include 100 subjects which will permit

subgroup analysis including race, gender and age. A second set of human experiments

involves measurement of GIP levels under simulated microgravity in collaboration with

Dr. Joe Zerwekh at UT Southwestern. So far only two samples have been processed so

analysis of the results is pending. (2) GIP overexpressing transgenic mice were found to

have a higher basal bone mass. These mice have an inducible metallothionein promoter.

Interestingly, if they are fed zinc for a prolonged period of time (to induce expression) we

can get down regulation of the GIP receptor and a drop in bone density. Nevertheless if
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these mice arc placed on a low calcium diet they will not lose bone mass vdule control

mice bone density will drop (see figure) (3) GIP receptor knockout mice. We obtained

these mice from Japan where they were being used for studies on the role of GIP in

Diabetes Mellitus type II. We have found that these mice have a 13% lower basal bone

density that control mice. Taken together these data demonstrate that GIP plays an

important role in coupling nutrient intake to bone formation. Whether GIP v,ill be as

efl'ectivc in preventing bone loss associated with microgravity is not yet known and will

be the locus of experiments in the 2003 funding cycle.
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Figure legend: A: basal bone densities for transgenic GIP over expressing mice.

Transgenic mice given zinc had receptor down regulation and lower bone density vs.

controls before zinc. B: Bone densities for transgenic mice given zinc (notice receptor

downregulation) or GIP receptor knockout mice. C: GIP overexpressing mice given zinc

did not lose bone when placed on a low calcium diet.

3. Receptor Countermeasures to Bone Loss in Microgravity , Carolyn L. Smith, Ph.D.,

Nancy' Weigel, Ph.D.(Baylor College of Medicine) CRL 3.

Receptor Countermeasures to Bone Loss in Microgravity (Smith, Weigel)

Spaceflight is associated with decreased gonadal steroid levels and 25(OH) D and

1,25(OH)D2 levels. This study examines specific pharmacological alternatives, estrogen

and vitamin D receptor agonists, as countermeasures to bone loss. These studies focus on

novel vitamin D receptor agonists (VDR) such as EB189 and selective estrogen receptor

modulator agents (SERMs) such as raloxifene. This study targets the ability of novel
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rcccptoragonistsof thevitamin D receptorandestrogenreceptoraloneor incombination
to modulateosteoblastogenesis,matureosteoblastlimctionandostcoclastogenesisin
vitro andin vivo. Thestudycurrentlyaddressestheseeffectsonpreservingbonernassin
thehindlimbsuspendedratmodelof microgravity. Attenuationof disusebonelossby
estrogenandraloxifencin thehind limb suspendedrat hasbeendemonstrated.Altered
osteoblastdifferentiationandpreservatgionof bonemassduringhindlimbsuspensionhas
beendemonstratedusingVDR agonists.

Hormonalalterationsduringspaceflightimpactboneremodelingandpotentiate
boneloss.Thesechangesassumegreatersignificanceasextendedmicrogravityexposure
is anticipated. Understandingthecellularmechanismsresponsiblefor thesechangesare
basicto definingandsuggestingeffectivecountermeasuresto hormonalimbalanceand
thusboneloss. Flight testingwith animalmodelsiscritical to correctinghormonal
perturbationssecondaryto microgravity. Thisprojectaddressescountermeasure
developmentinvolvesreceptoragonistsusedduringspaceflightto correctgonadal/vitD
inbalance.

** SA Bloomfield,MR Allen, C Nolan,CL Smith, Attenuationof disuseBone
Lossby EstrogenandRalixifenein MatureMale Rats.J BoneMineralRes. 17: Suppl
1,S-433,2002.
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pQCT Analysis of Proximal Tibia. Total (A), trabecular (B) and cortical shell area (C) were

measured at proximal tibia before and after 28 days ofhindlimb unloading and treatment with

vehicle (open bars), 1,25D (filled bars) or EBI089 (stripped bars) in five month old male rats.

'*' indicates significance at p<0.05 from pre-suspension values, and '#" indicates significance
at p<0.05 t?om vehicle treated post-suspension values.
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4. The Effect of Hindlinlb Elevation on Fracture Healing. Bronk, JT, Bolander, ME

(Mayo Clinic) CRL 3.

Decreased bone t'ornlation ill the microgravity environment could result in delayed

healing and failure of the bone to return to normal strength at the conclusion of fracture

repair. To address these issues we evaluated femoral fracture healing in rats undergoing

hindlimb suspension. Ultrasound is the potential counternleasure evaluated for its effect

on fracture healing.
Unilateral midshaft femur fractures were made in 180 six-month-old, mate, Lewis

rats using the Bonnares-Einhorn technique. All studies were approved by the institutional

IACUC. Animals were randomly assigned to one of two groups (90 per group). The day

after fracture rats in one group were made non-weight-bearing by hindlimb suspension

(HLS). The remaining animals were allowed to bear weight normally (WB). Animals

were sacrificed at one, two, three, five, seven, and nine weeks after fracture for histology

(n=5/group) and at three, five, seven and nine weeks after fracture for mechanical testing

(n =15/group). Weekly radiographs were obtained to assess callus formation and bone

bridging.
The evaluation of weekly radiographs showed progressive callus formation in

both groups. Calluses in WB animals were larger than in HLS animals at all times after

fracture. Bone bridging was seen earlier on radiographs of HLS animals: at three weeks

60% of calluses in HLS animals were bridged compared with none in the WB group; at

five weeks bridging was seen in all radiographs of HLS animals and in 70% of WB

animals. At seven and nine weeks all HLS fractures appeared healed on radiographs.

Force to failure, energy absorption and stiffness were equal in the two groups seven and

nine weeks after fracture. Energy absorption was significantly increased in WB animals

at three weeks, while force to failure and stiffness were significantly increased in HLS

animals at five weeks.

Histologic analysis showed subperiosteal bone formation, chondrogenesis, and
endochondral ossification in all calluses two and three weeks after fracture. Five weeks

after fracture in WB animals the gap between the bone ends was filled with cartilage or a

combination of fibrous and cartilage tissues. By nine weeks after fracture endochondral

bone formation bridged the fracture gap in all WB animals. The smaller fracture calluses

in HLS animals was associated with decreased formation of subperiosteal bone and

cartilage.

Within the limits imposed by the schedule chosen for the histological studies, the

histology data did not suggest a difference between HLS and WB animals in the initiation

of subperiosteal bone and cartilage formation in the callus. Alternatively, histology

studies did suggest either decreased formation rates and/or earlier termination of

subperiosteal bone and cartilage formation in calluses from HLS animals, suggesting that
HLS led to a decreased stimulus to form these tissues in the callus. Likewise, earlier

completion of endochondral ossification in calluses from HLS animals appeared to be

due to the smaller mass of cartilage undergoing endochondral replacement, but we cannot
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commentruleout adifferencein tile rateofendochondralbonereplacement.Wc
prcstimethatdifferencesbetweenradiographsandhistologyin thenumberof fractures
from Vv'Banimalswith bridgingboneat five weeks(70%vs 0%)arcdueto thepresence
of calcifiedcartilagein thefracturegap,whichwouldnotbeseenonhistology.

Relativelyequalmechanicalpropertiessevenandnineweeksalter fracture,
togetherwith bonebridgingonhistology,,areconsistentwith completehealingof
fracturesin bothtreatmentgroups.Increasedstiffnessandforce-to-thilurein the live
weekHLScallus indicatesthatearliertbrmationof bridgingboneat thefracturesite
increasedthemechanicalpropertiesof thecallus,evenin callusesthatweresignificantly
smaller.

Basedon thesestudieswe postulatethat repairof bone injury in hindlimb

suspended animals is regulated differently than in weight-bearing animals. Hindlimb

suspension leads to decreased cartilage formation and a smaller callus. Decreased

cartilage formation did not, however, lead to decreased callus strength or to impaired

fracture healing. Although less cartilage is formed, cartilage maturation is cornpleted

sooner after fracture, and those events that occur subsequent to cartilage formation, i.e.

endochondral ossification and bone bridging, also occur sooner and are completed more
rapidly. Indeed, earlier bone bridging in a smaller callus was associated with increased

force to failure and increased stiffness (but not increased energy absorption) in the callus.

**The use of low-intensity ultrasound to accelerate the healing of fractures. J.

Bone and Joint Surgery Am 83-A 259-270, 2001

4. Muscle Bone Imbalance After Non-Weightbearing: Susan Bloomfield, Ph.D., (Texas
A&MUniv.) CRL3

This study utilizes the hind limb suspended rat model to examine: 1) the time

course of recovery of functional properties in a muscle bone pair of the hindlimb during

reambulation after 28 days of skeletal unloading, 2) the mechanisms affecting the rate of
recovery during periods of maximal mismatch between muscle and bone functional

properties, 3) the effectiveness of two exercise regimens and a biomechanical

intervention to promote return of bone strength during recovery, 4) the effectiveness of

PTH treatment and growth hormone treatment as anabolic countermeasures during
recovery.

The major findings thus far from our bone/muscle recovery project are depicted in the

graphs below. In summary, proximal tibia total bone mineral density (BMD) and plantar

flexor isometric muscle torque, the major muscle group inserting at the proximal tibia,

are significantly reduced after 28 days of hindlimb unloading (HU). Although muscle

strength is further depressed during the initial recovery period (R+7), it returns to control

levels by R+I4. Proximal tibia BMD, however, remains depressed through R+28, at

levels similar to those after 28d of HU. This results in a significant mismatch of

muscle:bone strength after R+14, when muscle strength has fully recovered. Ongoing

studies are focused on using both mechanical (exercise) and pharmacological

interventions to increase the rate of bone recovery, in an attempt to minimize the

mismatch of muscle/bone following long-term unloading.
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** BloonafieldSA,Allen MR, l logant-IA,DelpMD. Site-andcompartment-specific
changesin bonewith hindlimbunloadingin matureadultrats Bone31 149-157,2002

** ,,\lienMR, Blooml]eldSA. tlindlimb unloadinghasagreatereffectoncortical
comparedto cancellousbonein matureremalerats. J App: Physiol18:2002(epubahead
of print).

E
¢.)

_820_
E
v

_>, eO0 ,

<I,) 560 _
e'-

540_
E
O

m 520

0'

,,_eq'mtd'_ed cage oa.m:_

-2- ktrx::lirm urto_iecgmmve_/

-, • g g

2

Baseline R+O R+7 R+14 R+28

i

T T
T //+1 _

Qm ¸'T

ea_ll_ R+0 R+7 R+14 R+_B

The major findings thus far from our bone/muscle recovery project are depicted in the

above graphs. In summary, proximal tibia total bone mineral density (BMD) and plantar

flexor isometric muscle torque, the major muscle group inserting at the proximal tibia,

are significantly reduced after 28 days ofhindlimb unloading (HU). Although muscle

strength is further depressed during the initial recovery period (R+7), it returns to control

levels by R+I 4. Proximal tibia BMD, however, remains depressed through R+28, at

levels similar to those after 28d of HU. This results in a significant mismatch of

muscle:bone strength after R+14, when muscle strength has fully recovered. Ongoing

studies are focused on using both mechanical (exercise) and pharmacological
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interventionsto increase the rate of bone recovery, in an attempt to minimize the

nfismatch of muscle/bone I\-,llowing long-term tmh)ading.

4. Resorption Suppression and Bone Health in Disuse Osteoporosis : MB Schaftler.

Ph.D. ( Nit. Sinai Medical School) CRL 4

lhese experiments test the hypotheses that: 1) Long-term suppression of bone

remodeling in disuse will successt\dly maintain bone mass, microarchitecture, stiffness

and strength, but will result in compromised fracture resistance properties: and 2)

Decreased mechanical usage in the presence of an antiresorptive agent results in loss of

osteocyte integrity and accumulation of bone with impaired viability. In order to test

these hypotheses, we have undertaken a series of long-term immobilization experiments,

using a canine model with bisphosphonate treatment to pre``'ent bone loss.

Fo date, we have completed the immobilization experiments for all animals.

Single limbs immobilization experiments of 12 months duration have now been

completed for retired breeder (N-32, 5-7 years old) Beagle dogs. The clinically-use

bisphosphonate, risedronate, (Actonel, Proctor and Gamble Pharmaceuticals) ,,,,'as

employed as the antiresorptive agent. Four experimental groups were examined:

IM+RIS; IM+Vehicle; NolM+RIS and NolM+Vehicle. Bisphosphonate-treated animals

were dosed at 1 mg/kg body weight: this dose is 5-10 times that used to prevent

osteoporotic bone loss in humans. All in vivo experiments were recently concluded. In

collaboration with Dr. Susan Bloomfield, at Texas A&M University, pQCT studies were

recently completed for metacarpal bones. Histological, microCT and mechanical testing

studies of bones are currently ongoing.

Key findings to date suggest that bisphosphonate treatment during long-term

immobilization attenuated, but did not eliminate bone loss. The effect was greater in

diaphyseal cortical bone, in which risedronate treatment resulted in approximately 15

percent loss of bone mass with long-term immobilization, compared to untreated,

immobilized animals that almost 50 percent of their cortical bone mass. The data are

summarized in Figure 1:

** Vashishth D, Gibson G, Kimura J Schaffler MB Fyhrie DP. Determination of

bone volume by osteocyte population Anat Rec. 267: 292-5, 2002.

** Vashishth D, Verborgt O, Schaffier MB, Fyhrie DP. Decline in osteocyte

lacunar density in human cortical bone is associated with accumulation of microcracks

with age. Bone 26: 375-80, 2000
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In cancellous bone of the epiphyseal-metaphyseal region, bone density declined

25% in risedronate treated, immobilized animals compared to approximately 50 percent

decline in bone density in non-treated, immobilized limbs. Data from these studies

suggests that the response of immobilized bones to bisphosphonates in more complicated

than expected. Risedronate attenuated did not eliminate bone loss over the long term, as

expected from metabolically driven bone loss (menopause, ovariectomy,

glucocorticoids,etc). The precise reasons for this are unclear at this time.

6. A Biomedical Countermeasure for Disuse Osteopenia: Clinton T. Rubin, Ph.D.

(Stony Brook) CRL 7

Vibrational mechanical stimulation increases bone mass in humans and rodents.

Using the mouse as a model, it is clear that the genetic make-up of the

animal is a strong determinant of their sensitivity to mechanical

stimuli. Adult (16 week) female 16wk old C57BL/6J (low density),

BALB/cByJ (medium density) and C3H/He (high density) mice were assigned

to control, low-level mechanical stimulation, and disuse groups (n =13

each). Mice in the mechanically stimulated group were placed on a

vibrating plate (45 Hz, 0.25g) for 10 min/d. Disuse animals were

subjected to tail suspension. Four animals per group were culled 4d into

the protocol for determining gene expression levels (semi-quantitative

RT-PCR) while the remaining animals were sacrificed after 21d for the

assessment of bone formation. Disuse failed to affect histomorphometric

indices in C57BL/6J mice. In BALB/cByJ, mechanical stimulation increased

bone formation rates by 34% (p<0.02), but bone volume was unaffected.
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[his increasein bone formation rate was primarily achieved by an

increase in file ratio of double labeled surface to single labeled

surfiice (+101%, p<0.001). Disuse in the BALB/cByJ mice suppressed bone

formation rates by 48% (p<0.01), the ratio of double labeled surface to

single labeled surfaced by 47% (p<0.01), and mineral apposition rates by

45°o (p<0.03), resulting in trabecular bone volume that v_'as 43% smaller

(p<0.01) compared to control BALB/cBvJ's. In contrast to tile

responsiveness of the skeleton of C57BL/6J and BALB/cBvJ mice, no

significant effects of mechanical stimulation or distise were measured in
tibial trabecular bone of C3H/HeJ mice.

7. Defining and Preventing Bone Loss: J.R. Shapiro (Unitbrmed Services University)
CRL 7

The objectives of this program are: 1) to evaluate the spinal cord injured subject as a

model for the rate and pattern of bone loss that occurs during spaceflight, and 2) to

prevent bone loss with a new potent long-acting bisphosphonate, zoledronate..Muscle

loss in the femur is measured as is hip architecture by CT used in 3D finite element

analysis of fracture risk. Zoledronate, a third generation bisphosphonate administered

over 15 minutes has been shown to be effective for one year in published osteoporosis

studies. This is a double blind randomized trial so that therapy effects will not be

available until the study is un-coded.

Although only 50% of the study size has been entered, the results are significant

to the extent that they show that SCI and microgravity exposure have similar effects on a

number of measured parameters of bone. These are deternfined from DXA scans of the

femur (T. Beck) and include femur cross sectional area, bone width as an indicator of

periosteal bone growth, buckling ratio and section modulus and indices of bone strength.

Muscle mass is measured by femur shaft CT. This shows muscle loss of approximately

2%/month in SCI in the mid femur which simulates bone loss during spaceflight.

The preliminary results indicate a deficient periosteal bone growth in subjects
with decreased cortical thickness and bone loss seen in both SCI and Mir Cosmonauts.

This pattern differs from that of normal aging. The study points to the putative role of

periosteal bone formation as protective of fracture in subjects in weightless conditions. It

is noted that depressed periosteal bone formation has been observed in rats following

spaceflight. Decreased expression of bone matrix genes and growth factors has been

observed in periosteal tissues recovered from rats following spaceflight. The results to-

date, point to the need for defining new exercise programs and pharmacological agents

to maintain periosteal bone formation and to diminish net bone loss.

**Shapiro JR. Patterns of femoral neck bone loss in spinal cord injury and spaceflight. J

Bone Mineral Res. 17: suppl 1, S 434, 2002.

**Shapiro, JR, Gallaher, R, Schneider VS. Spaceflight and Bone Loss. Military

Medicine (In press)
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9. Zerewekh,J.: Preventionof Microgravity-lnducedStoneRisk by KMgCitrate.:(UT
SouthwesternMedicalCenterat Dallas): CRL 7.

Renalcalculustbrmationhasoccurredin cosmonauts,andthisstudyaddresses
Critical PathGoal4, Reducerisk of RenalStoneFormation.KMgCit is currentlyunder
considerationor in usefor flight testing. KMgCit mayoffer additionalbenefitsnow
understudyin thebedrestmodel. Flight-testingis appropriatefor thisagent

Theobjectiveof this researchstudyis: 1) to determinetheeffectivenessof
potassiummagnesiumcitrate(KMgCitrate)asa countermeasureto thepropensityt-or
stoneformationandskeletalminerallosssustainedduringspaceflight,2) to evaluatethe
effectof KMgCit in avertingthediminishedmuscleMg andK concentrationsthatmay'
occurduringmicrogravity-relatedmuscleatrophy,and3) to assesstheefficacyof
KMgCit supplementationin reducingmicrogravity-inducedincreasein boneresorption
andurinarycalcium. Thesespecificaimsarestudiedin healthyvolunteersonchronic
bedrestfor 5 weeks. Studyphasesinclude 1weekof ambulatoryevaluation(A), 2
weeksof bedrest(weeks2-6)(B) and2weeksofreambulation(weeks7-8) (C).
SubjectsreceiveRelytetablets,3 tabswith breakfast,and3 with dinnerto equal42mEq
K, 21mEqMg, and63mEqcitrate. Placebocontrolsareincludedin thestudydesign.

Thisstudy is in progress.Resultsof biochemicaltestingto dateindicate
significantincreasein urinecalcium,citrate,phosphateandmagnesiumwhichmaybe
impactedby administrationof KMgCit. Musclebiopsies during treatment are under

study.

** Zerwekh J. Nutrition and renal stone disease in space. Nutrition, 18: 857, 2002

Summary and Directions: The Bone Team research projects will enter year 03 of the

current funding cycle. The projects represent basic and applied studies, which range

between CRL 3 and 7. It is anticipated that advancement in CRL will occur as soon as

funding constraints are resolved and the schedule of flight opportunities is such as to

permit consideration of animal or human testing of countermeasures. To this end, a Bone

Team strategy document will be developed at the Bioastronautics meeting to be held in

Jan. 2003 (Galveston).
Vibrational mechanical loading is currently in progress for flight implementation.

Bisphosphonate treatment as a preventive measure for bone loss on 4-6 month flight is

also a high priority issue.





Appendix G



National Space Biomedical Research Institute
RETREAT

January 14-17, 2002

Del Lago Conference Center

Montgomery, Texas

Monday, January 14

8:00 a.m.

9:00

10:00

10:30

11:00

11:30

12:30 p.m.

1:30

2:00

2:30

3:30

(3:30 - 5:00)

6:30

7:30

8:30

9:30

AGENDA

ALL PLENARY SESSIONS HELD IN TEJAS II

Introductory Remarks

• Welcome

• Retreat Objectives

Bioastronautics Update

BREAK

Neurovestibular Team Presentation

Neurobehavioral & Psychosocial Team Presentation

Neurovestibular Team Posters

Neurobehavioral & Psychosociai Team Posters

LUNCH

Smart Medical Systems Team Presentation

Technology Development Team Presentation

Smart Medical Systems Team Posters

Technology Development Team Posters

J. Sutton

B. Alford

J. Sutton

D. Williams

C. Oman

D. Dinges

ROOM: TEJAS I

ROOM: TEJAS II1

J. Sutton

H. Charles

ROOM: TEJAS I

ROOM: TEJAS 1Ii

FREE DISCUSSION TIME - MOST PARTICIPANTS

Technology Development Working Group

Meeting

DINNER

Critical Path Roadmap: Future Directions

& Activities

Risk Estimation

ROOM: TEJAS II

J. Charles

L. Leveton

J. Banfield

ADJOURN



Tuesday, January 15

8:30 a.m.

9:00

10:00

10:30

11:00

11:30

12:30 p.m.

1:30

2:00

2:30

3:30

6:30

7:30

8:30

9:30

ALL PLENARY SESSIONS HELD IN TEJAS II

Education & Public Outreach Team Presentation M. MacLeish

Education & Public Outreach Posters

BREAK

Immunology Team Presentation

Radiation Team Presentation

Immunology Team Posters

Radiation Team Posters

LUNCH

Human Performance Team Presentation

Nutrition & Fitness Team Presentation

Human Performance Team Posters

Nutrition & Fitness Team Posters

FREE DISCUSSION TIME

DINNER

TEAM LEADERS ONLY - Strategic Planning

TEAM LEADERS ONLY - Director's Meeting

ADJOURN

ROOM: TEJAS I

W. Shearer

J. Diceilo

ROOM: TEJAS I

ROOM: TEJAS III

C. Czeisler

J. Lupton

ROOM: TEJAS I

ROOM: TEJAS Iii

J. Sutton, R. White
& J. McPhee

J. Sutton
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Wednesday_ January 16

ALL PLENARY SESSIONS HELD IN TEJAS II

8:30 a.m. International Activities: Reports from the Partners

• DLR (Germany)

• MEDES (France)

• Australia

R. White

P. Gr/if, R. Gerzer &

F. Baisch

A. Pavy-LeTraon

A. Roberts

10:00

10:30

11:00

11:30

BREAK

Bone Team Presentation

Muscle Team Presentation

Bone Team Posters

Muscle Team Posters

J. Shapiro
K. Baldwin

ROOM: TEJAS I

ROOM: TEJAS III

12:30 p.m.

1:30

2:00

2:30

3:30

6:30

7:30

8:30

9:30

LUNCH

Cardiovascular Team Presentation

Integrated Human Function Team Presentation

Cardiovascular Team Posters

Integrated Human Function Team Posters

FREE DISCUSSION TIME

DINNER

Professional Development for Scientists & Engineers

Data Archive Discussions

ADJOURN

R. Cohen

M. Kushmerick

ROOM: TEJAS I

ROOM: TEJAS II1

J. Sutton & R. White

F. Vaughan & H.

Winters
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Thursday, January 17

ALL PLENARY SESSIONS HELD IN TEJAS II

8:00 a.m. Space Mission Debriefing from Previous Shuttle

and International Space Station Flights

10:00 BREAK

10:30 Future Flight Activities on Shuttle &

The International Space Station: The Reali_ _

12:30 FINAL REMARKS

ADJOURN

LUNCH

D. Williams

W. Paloski &

L. Kuznetz
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REPORT ON EXERCISE WORKSHOP FOR NSBRI DIGITAL HUMAN MODELING

CORE

Martin J. Kushmerick, M.D., Ph.D.

The workshop was held at the University of Washington on August 12 - 14, 2002. This report

highlights the main points and is not a detailed set of minutes of the proceedings.

Workshop Goals and Expectations

The goals for the workshop were to integrate the current projects into a coherent simulation of
human exercise, assess the strengths and weaknesses of the current approaches, and identify the

requirements and road blocks for producing a model of astronaut exercise.

A textbook description of a simple bicycle exercise at one intensity for five minutes was selected

for the first modeling activity; the details of the exercise are given in Appendix 1. The design for

this workshop tested the ability of the interacting projects within the NSBRI integration core to
make progress, from the particular simulations within each project, toward integration across

projects and towards systems integration. The complete list of participants (not all of whom
made presentations) is given in Appendix 2. In addition to the specific project presentations an

equal number of presentations and discussions focused on strategies for integration, software

designs and interconnectivity, and early work on the "whole body algorithm" at NASA.

Relevant papers on the role for large-scale integration in the work of NASA and NSBRI are

references (3, 4). Two reviews of the data obtained from U.S. and Russian space missions are (1,
2). Leonard excerpted portions of drafts of his book on past work with the "whole body

algorithm" and summarized selected Skylab data collected from various sources. Kushmerick

has copies available for duplication but not for citation.

1. Convertino, V. A. Physiological Adaptations to Weightlessness: Effects on Exercise and

Work Performance. Exercise and Sports Sci. Revs. 18:119-166, 1990.

2. Convertino, V. A. Planning Strategies for Development of Effective Exercise and

Nutritional Countermeasures for Long-Duration Space Flight. Nutrition 18: in press, 2002.
3. Srinivasan, R. S., J. I. Leonard, and R. J. White. Chapter 26: Mathematical Modeling of

Physiological States. In: Space Biology and Medicine: Humans in Space{li,_zht, edited by C. S. L.
Huntoon, V. V. Antipov and A. I. Grigoriev. Reston, VA.: American Institute of Aeronautics and

Astronautics, 1996, p. 559 - 594.
4. White, R. J., and M. Averner. Humans in space. Nature 409:1115-8, 2001.

Science Advances in Current Projects

Advances in modeling and experimentation relevant to the modeling were presented by the

currently funded projects and set the stage for wide ranging discussions of strategies and tools

for integrating organs from top-down (systems to components) and from bottom-up (molecules
and cells to systems). Significant progress towards integration was made. In skeletal muscle

cells Chase presented a 3 dimensionally correct model of a sarcomere linking cross bridge

dynamics and Ca ++ signaling with force output: a novel feature of this model was its inclusion of

eiastic properties of the myofibrillar filaments themselves, as well as the enzymatic rates of the

proteins in the thick and thin filaments. Work in progress focuses on effects of ATP, ADP and

phosphate, and Ca ++ dynamics on force. Rice has a related model for cardiac muscle cells that
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includedcooperativeeffectswithin eachfilament and accountedfor the length dependency of

force development critical to understand the mechanism behind Starling's Law. Kushmerick
indicated how force can be integrated into a model of intracellular energetics dynamically. By

varying the balance between energy supply and demand a quantitative prediction of sustainable

power output emerged. The model can predict oxygen and susbtrate utilization from known

reaction stoichiometry. Cabrera presented a model linking a lower limb skeletal muscle

compartment to a whole body dynamic metabolism model of substrate and product fluxes. Next

steps involve making all of these models for muscle interact from the resting state to exercise and
back to baseline. In cardiac muscle cells, Bers and his co-investigators Puglisi, Shannon and

Rice, demonstrated a working model of integrated ion channel action leading to cardiac cell

function (LabHeart). The current model allows investigators to change parameter values during

a simulation and to modify the kinetic equations describing the operation of any channel, even to

modify them significantly to simulated skeletal muscle cells. Importantly this model allows

simulation of calcium ion dynamics, which then will integrate cellular electrical activity with
Ca ++ control of contraction, energetics and metabolism. The inclusion of metabolic and

adrenergic effects into a model of the heart was shown by McCulloch using algorithms he

developed for simulations at the UCSD supercomputer center (Continuity). These simulations
showed that a full 3D simulation of cardiac electro-mechanics was essential to get correct

behavior of the organ. Simulations showed mechanisms regulating diastolic relaxation that are

so important in increased cardiac output at high heart rates during exercise and showed specific
ionic alterations that could lead to arrythmias. Coolahan used high-level architecture and IEEE

1516 standard simulation protocols to join simulations between Johns Hopkins and UCSD.

Murphy in Coolahan's group described the software approach needed to make this integration
successful. Feldman used cellular automata methods to simulate the integration of cardiac cells

to organ in a medium fidelity simulation. This model also gave insights into electrical

propagation and patterns of cardiac activation that generated arrythmias; T-wave alterans was
specifically simulated. Heldt described the cardiovascular systems model developed at MIT

(Roger Mark, PI, within the Cardiovascular Alterations Team). That model uses lumped

hemodynamic parameters for each compartment and simulates heart rate and stroke volume as
observed in tilt-table tests. The model accounted tor the increased cardiac output and heart rate

of exercise when interesting modifications were made. The large increase in flow to exercising

muscle and the current baroreceptor reflex were insufficient to account for increased heart rate

and cardiac output. Three new features (the "muscle pump", a shift in blood out of the

abdominal region and a shift in baroreceptor operation to higher pressures) were needed.

In summary, the science advances in the projects had many features that fostered integration of

component mechanisms and transfer of simulation algorithms among muscle cells and organs.

Strategies for Integration

In addition to these project-specific presentations, a number of presentations and discussions

focused on strategies for simulation and integration. Coolahan emphasized the need for clear

and consistent definitions of parameters and units among the models of interacting groups

wanting to join simulations. He demonstrated the successful joining of three projects: his own,

Andrew McCulloch's, and Roger Mark's. The discussion that followed indicated a relatively

short path to join others, e.g. cellular energetics and whole body metabolism. Bassingthwaighte

used his strategy of the "Physiome" to join blocks of metabolic networks to a large cellular

model. He emphasized the need for available databases, adequately annotated and searchable, if

researchers developing models are to use data tbr validation. He championed an "open source"
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strategy. Vicini brought his experience in modeling pharmaco-kinetics and -dynamics in the
process of drug development to demonstrate many similarities with the processes the workshop

is using to achieve an integrated digital human for NSBRI. Rosse outlined the approach taken by

his research group to develop a logic and strategy for organizing anatomical knowledge out of
anatomical data. Dan Cook outlined his "work in progress" of a graphical method for

diagramming inter-relationships among components of systems, be they at the genomic or organ-

system level. These "graphs" are actually object oriented programming modules that serve

integration, database and searchable patterns and relationships in the database. At the end of the

workshop Brian Davis brought together a set of convincing arguments for the inclusion of bone

properties and dynamics into the analysis of exercise, both to enhance the analysis of exercise
from the mechanical aspects, as well as to demonstrate the close mechanistic connections

between muscle and bone properties to sustain and modulate bone properties.

In summary, many tools exist for modeling and simulation and are useful if not optimal for the

work of the integrated human core. An ordered set of questions and concepts for integrating the

many systems involved is not developed with the needed clarity for charting progress.

Current Exercise Results and Past Integration at NASA

Important contributions to past work at NASA in analyses of integrated human systems were

spelled out by Leonard. The value of this work for our current goals was at least two-fold: it
showed the enormous value to develop knowledge and understanding from heuristic models

using lumped parameters, and it also demonstrated the value of this integration to account for
measurements on astronauts and cosmonauts during a wide range of missions. Although not

making a formal presentation. Convertino provided key insights on data available from missions
at 0 G as well as ground based studies. He emphasized the wealth of information for both
humans and animals that is already available for simulation and modeling but need analyses to

develop an adequate understanding of the underlying systems, tissues and cellular relationships.

Hagan described current NASA exercise protocols for ground-based training, the evolution of
devices for exercise, the protocols used currently as countermeasures during ISS missions, and

current understanding of these data in terms of astronaut performance. White emphasized that a

major contribution would bc made if a reduction in the time spent in exercise could be achieved

bv devising a more efficacious prescription for this countermeasure. During the current
missions, astronauts typically spend 2.5 hours each day exercising to maintain their preflight

health status.

In summary, to enable astronauts to spend more time in scientific duties, reducing the amount of

daily exercise by optimizing its efficacy is a high priority. However, the specific exercise regime

(frequency, intensity, duration and amount and kind of exercise) needed to maintain muscle
function while traveling in space is not well determined. Currently, exercise training programs
use individual heart rate at a particular exercise intensity as the main biomarker representative of

performance. However, heart rate is not an ideal index of performance evaluation, especially
due to cardiovascular alterations with space travel and inherent heart rate variability. Heart rate

is not directly related to the local force and torque necessary to account for limb performance.

Revisions to Statements of the Problem and Ne_' Questions

The discussion throughout the workshop consistently showed that the overall goals for the

integrated simulation and evolution of understanding of "exercise" as a countermeasure lacked
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sufficient specification on several levels. Some of the main classes of questions that need

answering to make progress are:

* what aspects of the exercise currently practiced (intensity, duration, pattern, frequency, etc.)
are causal in the astronaut's ability to walk off on landing and to pass the post-flight stand
test?

• what are the physiologic and anatomic properties that are the primary and secondary

components of the astronaut's ability to walk off on landing and to pass the post-flight stand
test?

• what is the minimal physiological status to do emergency egress?

• what signals derived from exercise cause the clearly positive countermeasure effects of
exercise? These are not likely to be the same for CM development for bone, muscle,

cardiovascular and other system functional maintenance and rehabilitation.

• can one type of exercise be optimal for preventing loss of muscle mass and endurance, bone

loss, orthostatic hypotension, cardiovascular system deconditioning and maintaining

performance in case of an emergency? The likely answer is no, making the previous four

questions even more obviously important, and analyses of their underlying components more

urgent.
• are the right performance indices being used? How well do the physiological parameters as

currently measured routinely during flight match with parameters used and important in the
models? Discussion of these issues produced a clear need to develop surrogate parameters in

the models that relate to current medical observations, and to workout model parameters that

might be essential for integration that would need to be added to the list of current medical
observations.

If we compile the proposed exercise model in the integrated manner visualized at the workshop,

we will be in an excellent position to provide quantitative validation (or lack thereof) of what

would otherwise be highly qualitative, cell-biological signaling pathways as they become known.
We should have the short-term (order of minutes) model ready so that it can be used to address

the unknown, long-term adaptation pathways. The exercise model would be used both to test the

current physiological state of the "'digital human" and as the stimulus for adaptation in silico.

The discussion on the methods for integration highlighted the need for clear definitions and units

so that information between groups and their models can be properly connected. The need for an

overarching "systems description" in terms of connected causal components became clear: this is

essential before any details of the "digital human" can be worked out and integrated. A system

description was provided to a certain extent by the "whole body algorithm" effort by NASA in
the 1970's, and a new scheme is now needed to encompass the enormous expansion of

biomedical knowledge since then.

Connectivity of Bone and Muscle

In a number of discussions the relationships among muscles and bones were thought critical for

adequate responses of limbs to exercise prescriptions. The obvious interconnectivity among

muscles, tendons and limb bones was pointed out, but equally obviously there is not a sufficient

understanding to judge the effectiveness of current countermeasures to maintain and restore the

preflight status of each. One critical difference between terrestrial (1G) locomotion and
activities at 0G is the absence of storage of elastic energy in muscles and tendons at 0G. There

are very few papers on this topic although the principles are well understood. These neglected

topics need to be included in current modeling and research project plans and goals.
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Further Questions Raised During the Workshop and Submitted Afterwards by Participants

Can we suggest more efficient exercise paradigms for training to meet specific performance
criteria using the whole-body model of metabolic dynamics? Can this be accomplished by

simulations of the dynamics of intracellular energetics, oxygen deficit and muscle lactate

concentration assuming various work rate patterns?

Can the simulations indicate the rate limiting steps in the metabolic pathways which might be the

stimuli for adaptation ? Are the absence (or diminution) of these same signals causal in

detraining?

How can mechanical energy be transferred into models and simulations of human movement?

What are the osteogenic stimuli thresholds for cancellous bone? And for trabecular bone?

What is the role of muscle tremor in maintenance of limb physiologic conditioning and is it

altered at 0G? (the answer may be known but was not available at the workshop)

Besides identification of the signals involved in training and detraining, quantitatively what are

the minimum stimulus thresholds to maintain each system?

What are the ratios of eccentric vs. concentric muscle activity profiles during orbital missions, as

compared to similar activities and exercises on the ground?

Do changes in intracellular metabolite concentrations (specifically, ATP, ADP, Pi, H ÷) affect
exercise performance through direct effects (i,e., via changes in substrate concentration or

product inhibition) on ATPases (actomyosin, Ca2*-ATPase)? Many of these effects are known

experimentally and this information can very usefully be incorporated into existing models and

simulations to make predictions on altered performance.

The relationship between cardiac output and oxygen uptake at various exercise intensities is

linear throughout the work rates examined in the Skylab series of studies. This relationship had

a steeper slope at 1 g than at 0 g.
• What factors affect this relationship?

• Can exercise training alter the slope of this relationship at 1 g and at 0 g?

• Is the change in this relationship an adaptation or a real-adaptation?

The dynamics of oxygen uptake at the onset of exercise and during recove_ _ have been shown to

be dependent on training status or degree of fitness. Alterations in muscle biochemical
characteristics may alter the behavior of the pathways of ATP synthesis and thus the dynamics of

certain metabolic processes resulting in marked changes in the dynamics of muscle oxygen

consumption and energy output. Using changes in pulmonary oxygen uptake during exercise as

a proximate variable representing changes in the rate of muscle oxygen consumption can allow
us to evaluate the effect of changes in muscle metabolism on the time profile of oxygen uptake.

Do the training-induced changes in muscle enzyme activity in various metabolic

processes affect the dynamics of muscle oxygen consumption (onset and recovery) during
moderate intensity exercise? This question addresses the relationships between cellular

properties and organ performance.
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Are thereany changesin efficiency after accountingfor changesin musclemass? This
questionaddressesthepossibilityof bothquantitativeandqualitativedifferencesin adaptationto
traininganddetraining.

What can we do immediately after this workshop?

Get a detailed description of current aerobic and resistive exercises. Can we adequately simulate

existing NASA exercise protocols with the devices used? We should start with ground-based
data on humans and use animal results as a guide. Generate a new exercise regimen to which we

can adapt our models and simulations. Validate the synthetic model with current ground-based
data.

List characteristics of exercise devices used, and estimate force, motion and torque generated in

the limb during exercise. Distinguish upper body and lower body exercise.

List the capabilities of the new physiological monitoring system to be installed in ISS. What
parameters will be measured (workload, heart rate, cardiac output, blood pressure, tidal volume,

oxygen uptake and carbon dioxide output), and with what frequency? Will there be comparable

pre- and post-flight measurements? Identify gaps in current synthetic simulation with these
activities and measurements.

Generate direct and surrogate parameters in models and simulations that map to the

physiological and medical measurements.

Explain current modeling efforts and results to other projects in each of the teams. In particular
raise the issues discussed in the workshop at the next meeting of the NSBRI teams for muscle,
nutrition and rehabilitation, cardiovascular, bone and any other team interested. Plan on

reconvening the principals from the workshop in approx. 6 months to assess progress.

In approximately six months, a new cycle ergometer and metabolic measurement system will be

sent to the 1SS to facilitate and improve monitoring of the exercise responses so that better

evaluation of performance can be accomplished. This new measurement system permits

determination of oxygen uptake and cardiac output in addition to the integration of heart rate

measurements already provided by existing heart rate monitors. This equipment (cycle

ergometer + metabolic measuring system) provides new opportunities not only to design
exercise protocols (a variety of work rate functions) but also better methodologies and

biomarkers to evaluate the astronauts' performance.

This report, along with individual presentations, has been posted to the Integrated Human
Function section of the NSBRI secure website in a folder titled _'Seattle Exercise Workshop."
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Appendix 1

Design of the Exercise to be Simulated and Discussed at the Workshop, UW, Seattle
12-14 August 2002

History

We outlined a plan for a common activity for the six projects of the original Integrated Human

Function Team, now a core function within NSBRI, to make a simulation of human exercise at

the January 2002 NSBRI retreat. In early March 2002 we worked up a feasible project for this
simulation. It would be a demonstration of the tools and approaches we have to integrate

information, mechanisms and models. This plan was presented to the NSBRI External Advisory

Board at its 12-13 March 2002 meeting and received strong encouragement. The workshop Aug

12-14 will review our work and plan for future progress towards integration mechanistic models

at the cell level with an organ-level hierarchical structure.

Background information - basic primer on classical whole body oxygen uptake

The figure below is a schematic of an exercise
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The diagram below shows two important features of exercise.
1. the steady state is achieved in about 2 - 3 minutes, and

2. oxygen uptake is graded in proportion to exercise intensity, i.e. the mechanical

output.
The label to the right of each curve in the figure gives the

exercise intensity measured in watts. For this average
individual, the maximal exercise intensity is _250 watts.

Strenuous endurance training can increase the maximum oxygen

uptake to the range of 5 L/rain. High exercise intensities cannot
be sustained very long (_!0 rain or so for moderate and a few

rain for near maximal) whereas lower intensities are sustainable

for much longer duration, as everyday experience shows. We

need to note that these rates of energy expenditures are

superimposed on the basal metabolic rate, which for a 70 kg

lean person is about 80 watts.
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Initial Parameters for Simulation

Let's choose a moderate exercise intensity, 150 watts. Lets choose a duration sufficiently long

that the muscle metabolism and energetics is definitely in a steady state; 3 minutes is just at the

steady state, so 5 rain to have a clear asymptote. However, the time constants in the

cardiovascular simulation will be longer, so let's choose a longer time for both the initial resting

control (5 minutes), exercise duration (5 minutes) and recovery (10 minutes). This is an

impossibly long computation time for some projects. Thus we will have to decide and agree on

intermediate points done with full simulation on the assumption that those states are replicated in

steady states and can be interpolated during transitions.

Ideas on how we might proceed to accomplish this group demonstration project

Use the specific information on this particular description of an exercise as input perturbation

from steady resting state to exercise and return for all of our models.

• put this metabolic load into the organ level heuristic model.

• heart electrophysiological models: for the two steady states (rest and exercise) and any

interesting transitions.

• heart mechanical models: for the two steady states and any interesting transitions

• cross bridge models:

§ skeletal muscle: basically consider episodic on/off duty cycle of about 150 msec on to

simulate burst motor unit firing to calculate force produced per cross sectional area and

ATPase cost

§ cardiac muscle: two different work rates (rest at 70 bpm and cardiac output of 5 L/min

and exercise) required to fit into the heuristic CV model

• muscle energetics model: simulate time course of intracellular high energy phosphates

consistent with this exercise power output: predict 02 consumption using typical

biochemical stoichiometries.

• whole body metabolism: sources for the metabolic load, and sinks for the products, CO__ and

lactate appropriate for the same exercise intensity and duration

Some quantitative inter-relationships among the metabolic quantities

Here we begin to deal with the stoichiometric relationships among ATP utilization, mechanical

output, blood flow, cardiac output and oxygen uptake that are needed to connect the individual

simulations to produce eventually the overall simulation. My view is that we will find the most

difficult part of this project will be understanding and defining how each of our simulations

made at various levels of complexity are interconnected.

Resting oxygen consumption averages 0.25 liters of gas per minute for our standard 70 kg

person: 0.011 moles of 02 per min using ideal gas law of 22.4 L/mole. Exercise at 150 watts

requires 2 L/min: 0.089 moles O2/min above the baseline for a total of 0.1 mole/min from the

first two figures. This is 8 times greater for the whole body. but more tbr the muscles. The

reason is that muscle resting metabolic rate is so low, and most (>95%) of the increment in

Page 8 of 12



oxygen uptake in the body is due to increased uptake by muscle. Thus the increased blood flow

to muscle primarily drives the increase in cardiovascular, respiratory and metabolic fluxes.

The units for intracellular energy demand and supply in the muscle are ATP units per kg of

muscle, which can be expressed as molar concentration in intracellular water by (ATP units per

kg of muscle)/0.7. ATPase flux in resting muscle is - 0.01 mM/sec; hard numbers for active

muscle during exercise at 150 watts are not available, but we can estimate this to average 0.5
mM/sec above basal for a total of 0.51 mM/sec. Assuming oxidative carbohydrate metabolism,

there are 6 moles of ATP synthesized per mole of oxygen used. Thus these ATP units translate

into oxygen units: 0.1 mM O2/min for basal and 5 mM 02 per min for exercise for a total of 5.1

mM O2/min.

To connect the info in the two previous paragraphs (whole body <-> muscle), we need to

estimate the mass of active muscle. Assume it is 20 kg. From the calculations for ATP, 5.1 mM

O2/min times 20 = 0.1 mole O2/min which agrees with the statement in the second paragraph in

this section. The free energy available from ATP hydrolysis is on the order of 65 kJ/mole; 1 watt

= 1 J/sec. A hydrolysis rate of 0.5 mM/sec works out works out to be 32 watts per kg active

muscle_ or 640 watts in the total body exercise. If no work were done, this would be the thermal

load. The overall chemomechanical efficiency is on the order of 25% so this ATP hydrolysis

rate could be converted into 160 watts of work measured on a bicycle ergometer. So the overall

magnitude is in agreement given the assumptions made.
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NSBRI integrated Human Function Exercise Workshop

Names & Addresses

lim Bassingthwaighte

Dept. of Bioengineering
Box 357962

310D Harris Hydraulics Bldg.

Seattle, WA 98195-7962

Don Bers

Stritch School Of Medicine

2160 South First Ave.

Maywood, IL 60153

Marco Cabrera

11100 Euclid Ave., RBC-380N

Case Western Reserve Univeristy

Cleveland, OH 44106-6011

Stephen Carter

University of Washington

Dept. of Radiology
Box 357115

1959 NE Pacific St., Rm AA-010

Seattle, WA 98195-7115

Bryant Chase
Bio Unit One, Room 206

Florida State University
Tallahassee, FI 32306-4370

Kevin Conley

University of Washington

Dept. of Radiology
Box 357115

1959 NE Pacific St., Rm AA-010

Seattle, WA 98195-7115

Victor Convertino

3400 Rawley E. Chambers
Avenue

Bldg. 3611
Fort Sam Houston, TX 78234-

6315

Dan Cook

Physiology and Biophysics

University of Washington
Box 357290

Seattle, WA 98195-7290

Phone

!(206) 685-2005 (206) 685-2012

708) 216-1018 or 216-6107

216) 844-5085

1206) 685-2693

(850) 644-0056

:(206) 543-3763

210) 916-5633

Fax

206) 685-2651

(708) 216-6308

(216) 844-5478

C206) 543-3495

(850) 644-0392

Email

jbb@bioeng.washington.edu

dbers@lumc.edu

mec6(_po.cwru.edu

scarter@u.washington.edu

chase@bio.fsu.edu

kconley@u.washington.ed u

206 297-7794

(206) 221-6515

(210) 916-5992 victor.convertino@cen.amedd.

army.mil

raintown@halcyon.com
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Jim Coolahan

Applied Physics Laboratory

11100 Johns Hopkins Road

Laurel, MD 20723-6099

Brian Davis

29226 Cedar Road

Pepper Pike, OH 44124

Andy Feldman

Applied Physics Laboratory

11100 Johns Hopkins Rd MS2-
234 Laurel, MD 20723-6099

Donald Hagan

Human Adaptation &
Countermeasures SK2

Lyndon B. Johnson Space Center
Houston, TX 77058

Thomas Heldt

Building E25, Room 505
77 Massachusetts Avenue

Cambridge, MA 02139

Martin Kushmerick

University of Washington

Dept. of Radiology
Box 357115

1959 NE Pacifi_c St., Rm AA-010

Seattle, WA 98195-7115

Joel Leonard

400 Madison St., Ste #2103

Alexandria, VA 22314

Andrew McCulloch

Department of Bioengineering

University of California-San

Diego 9500 Gilman Drive
La Jolla, CA 92093-0412

Jancy McPhee
NSBRI

One Baylor Plaza, NA-425

Houston, TX 77030-3498

Anouchka Mihaylova

Department of Bioengineering

University of California, San

Diego 9500 Gilman Drive
La Jolla, CA 92093-0412

(240) 228-5156 (443)-778-5155

(216) 444-1055

(240) 228-5317

i(281) 244-1122

617) 258-5406

(206) 543-3762

(703) 549-2010

240) 228-5995

240) 228-6904

(281)483-2888

(617) 258-7859

(206-221-6515

_ames.coolahan_jhuapi.edu

davis@bme, ri.ccf.org

andrew.feidma n@jhuapl.ed u

dhagan@ems.jsc.nasa.gov

don.haganl@jsc.nasa.gov

thomas@mit.edu

(858) 534-2547 (858) 822-1253

(703) 548-7795

kushmeri(_u.washington.edu

(713) 798-7412

(858) 822-2132

[858) 534-6896

oel-leonard@comcast.net

jieonard@hq.nasa.gov

amcculloch@ucsd.edu

(713) 798-7413

858) 534-6896

jmcphee@bcm.tmc.edu

amihaylo@bioeng.ucsd.edu
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Sean Murphy

Applied Physics Laboratory

11100 Johns Hopkins Road

Laurel, MD 20723-6099

Jose Puglisi

Dept of Physiology

2160 South First Avenue

Maywood, Illinois, 60153

Krishnan Radhakrishnan

NASA Glenn Research Center

Mail Stop 5-10

Cleveland, OH 44135

Michael Regnier

IDept. of Bioengineering
Box 357962

320 Harris Hydraulics Bldg.
Seattle, WA 98195-7962

Jeremy Rice
T.J. Watson Research Center

P.O. Box 218

Yorktown Heights, NY 10598

Cornelius Rosse

Dept. of Biological Structure

University of Washington
Box 357420

Seattle, WA 98195-7420

Gerald Saidel

Dept. of Biomedical Engineering

Wickenden 410

Case Western Reserve University

Cleveland, OH 44106-7207

(240)228-4299

(708) 216-4054

(216)433-8483

(206)616-4325

(914)945-3728

(206)685-4707

i(216) 368-4066

1(240) 228-5889

[708) 216-6308

[440) 962-3120

(206) 685-3300

914) 945-4104

(206) 685-6887

216) 368-4969

Thomas Shannon [708) 216-6994 (708) 216-6308

206) 616-1133 (206)685-3021 (206) 543-3081Paolo Vicini

Box 352255

AERL RM 241

University of Washington
Seattle, WA 98195-2255

713)798-5906(or7412) At

NASA: (281)483-0274

Ron White

NSBRI

One Baylor Plaza, NA-425

Houston, TX 77030-3498

(713) 798-7413

sean.murphy_jhuapl.edu

Ljpuglis_lumc.edu

kxr32@po.cwru.edu

mregnier@u.washington.edu

iohnrice@us.ibm.com

gms3@po.cwru.edu

tshanno@lumc.edu

vicini_u.washington.edu

rwhite@bcm.tmc.edu
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1. PREAMBLE

The National Space Biomedical Research Institute (NSBRI or "Institute") is a unique, non-profit

scientific partnership with NASA that engages and coordinates outstanding researchers and educators to

lead a national, team-based effort to develop countermeasures to reduce significant health risks associated

with human space travel.

Progress of the NSBRI in achieving its goals, objectives and mission, as laid out in its Cooperative

Agreement Notice (CAN; 9-CAN-96-01) with NASA, is available in the Institute's Annual Reports 1998,

1999, 2000 and 2001. The purpose of this Progress Report is to provide:

* A statement on the progress and status of the Institute with respect to the recommendations from the

Site Visit Review Report of the National Space Biomedical Research Institute.

• An update of the research and education progress and accomplishments of the Institute since the

2001 Annual Report.

Some of the material in this document links directly to components of the institute's Strategic Plan, which

is being submitted to NASA along with this report. References to the appropriate sections of the Strategic

Plan are provided.

The appendices contain supporting documentation concerning recent Institute progress and leadership. A

compact disc is also enclosed that contains (a) briefings made in March 2002 by all of the Team Leaders
to members of the External AdvisoD' Council regarding their team's activities and progress in

countermeasure development and education and (b) a movie of an interactive demonstration by the Smart

Medical Systems Team, conducted in October 2001. which showcases NSBRI Team Leaders, Council
and Board members, former astronauts, Johnson Space Center personnel, including flight surgeons, and

students, using new enabling technologies for non-invasive human physiological monitoring and

advanced medical care.

2. STATUS ON RECOMMENDATIONS FROM THE SITE VISIT REPORT

OF THE NATIONAL SPACE BIOMEDICAL RESEARCH INSTITUTE

From November 28 to December 1, 2000, the NASA Chief Scientist conducted a review of the NSBRI

and issued a Site Visit Report of the National Space Biomedical Research Institute, which concluded the

following in the executive summary:

The committee was impressed by the scientific strengths of the NSBR1, by its progress in

developing countermeasures, by #s innovative scientific leadership and by its outstanding

trainees. We recommend that NSBRI continue for its second five-year funding period. We

commend NSBRI for providing added vahw both for the institute as a whole and for individual

teams.

It was recommended that under its new Director. the NSBRi should prepare a forward-looking strategic

plan. A Strategic Plan has been developed and submitted to NASA together with this Progress Report.

Besides the delivery of a Strategic Plan, the Site Visit Report made 14 principal recommendations, which

are listed belo_ _.Following the site visit, there was bilateral correspondence between the NSBRI and the

Office of the NASA Chief Scientist regarding efforts made, or to be made, to address the

recommendations (Appendix 1). In this section, the status of progress with respect to each
recommendation is summarized. Actions have been taken to deal with all of the recommendations.
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Recommendation I. We recommend that NSBRI continue to serve as a team-based organization, whose

targeted mission is the development of mechanism-based countermeasures. We understand that NSBRI's

primary goal is to move countermeasures from Countermeasure Readiness Levels (CRLs) 0./'2-3 to 6-7.

The development of the critical path roadmap is also evidence of effective, focused interaction.

Status: Agree. A unique value that the NSBR! brings to NASA's human space program is an integrated

and coordinated team approach, involving some of the nation's most elite investigators and non-NASA

resources, to solve complex biomedical problems related to long-duration space travel. The NSBR!

therefore abides by this recommendation and continues to play an active role in the ongoing development

of the Critical Path Roadmap (enclosed as a separate document; also see Strategic Plan Volume 1, Section

3). A list of all peer-reviewed funded projects appears in Appendix 2 of this document. The strategies for

moving the research projects and teams from CRLs of 2-3 to 6-7 are contained in Strategic Plan Volume

!!.

Recommendation 2. We do not recommend that the NSBRI develop into a funding agency that dispenses

RO1- or NRA-like grants to outside investigators to work on low CRLs. Instead, we recommend that NASA

Headquarters, in close cooperation with NSBRI and Johnson Space ('enter L/S(_), extend and expand its

targeted grant program to fund individual research grants that will address CRLs of 1-3.

Status: Agree. See Status section of Recommendation 1 above. The NSBR! has worked in close

cooperation with NASA Headquarters and JSC regarding new grant solicitations in countermeasure

development appropriate for CRLs 1-3 (NASA Research Announcement program) and CRLs

transitioning from 2-3 to 6-7 (NSBR! program). A joint NRA-NSBRI call for proposals issued in October

2001, NRA 01-OBPR-07, is testament to a coordinated effort in this regard. It should also be pointed out

that while the NSBRI is not focused on CRLs 1-3, basic science advances have occurred at these levels,

such as the discoveD' of the Atrogin-I gene associated with muscle wasting (Proceedings of the National

Academy of Sciences 98: 14440-14445, 2001; Appendix 3). Achievements of this type are not unexpected

given that scientific discovery targeted at one CRL range max indeed contribute to accomplishments at

that range and/or levels below or above the selected range (N.B., "'fast-track'" NSBRI advances to

operational CRLs 7-9 have occurred as well: see Strategic Plan Volume !, Sections 3 and 5).

Recommendation 3. We recommend thai NSBRI continue to make use _?/its extensive network q/outside

advisors, including its Board of Directors', its Board of ScientiJic Counselors. and its External Advisora'

Council. We note, however, that the striking and surprising lack _ diversity of these boards effectively

excludes mat O, talented peoplefrom whose expertise NSBRI could well pr_t.

Status: The NSBRI is honored to have, and continues to make use of, its distinguished and active Board

of Directors, External Advisory Council, User Panel and Board of Scientific Counselors (Appendix 4). It

is imperative that appropriate gender and ethnic diversity occur at all levels, including upper levels, of the

NSBRI. This is a serious issue that the NSBRI has taken action on and will continue to address. At

present, 17% of the Board of Directors, 19% of the External Advisor5' Council, 22% of the Users Panel

and 11% of Board of Scientific Counselors are women. There is also ethnic diversity among these

important panels. The NSBRI not only wishes to have good representation of women and minorities

among its ranks, but it strives to be a benevolent leader in helping to reduce barriers that are endemic in

our national scientific and engineering culture. Also see Status section of Recommendation 8 below.

Recommendation 4. We were pleased by the ability ,?f the NSBRI leadership to make "mid-course

corrections" in its research agenda. We recommend that the leadershil_ make the process _?['team leader
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selection more transparent, in order to avoid any appearance of cronvism. NSBRI's credibility and its

effectiveness in recruiting new researchers will depend on management's ability to manage apparent or

potential conflicts of interests, especially at the level qf team leaders.

Status: Agree. The hybrid NRA (or National Institutes of Health) and Department of Defense model of

the NSBRI is innovative in that open peer-reviewed research is subsequently organized into teams, which

are mission driven towards countermeasure deliverables. _ The success of this model is clear (Sections 3

and 4, Appendix 3). Furthermore, it relies to a great extent on the ability of Team Leaders to act as

effective scientists and managers. The team selection process that follows peer review, and criteria for

Team Lead evaluation, with adequate protection from real or perceived conflict of interest, are critical

management issues. The topic was discussed at the March 2002 meeting of the External Advisory, Council

and is addressed in Strategic Plan Volume I, Section 3. Part of the action plan is to establish an expert

committee to review this issue in detail and provide recommendations to NSBRI senior management prior

to the end of 2002. The current cycle of Team Leader support expires on September 30, 2003, with

current grants ending on or after that date. This allows adequate time to implement a process that will

achieve the highest level of fairness and integrity in the selection of teams and team leadership.

Recommendation 5. Because of increasing potential for conflict of interest, we recommend that the

selection process (following peer review) should be reexamined and reformulated

Status: Agree. See Status section of Recommendation 4 above and Strategic Plan Volume I, Section 3

for actions taken, and strategies going forward, that address this issue.

Recommendation 6. We strongly recommend the establishment o/ a university-level education program

-especially at consortium institutions - that takes advantage of the abilita, of space research to excite

student interest in NASA "s and NSBR1 's long-term goals.

Status: Agree. As described in the Strategic Plan Volume I, Section 4, an initiative for graduate and

post-doctoral level training is to be carried out in coordination v+,ith the Institute's research and other

educational programs. Moreover, members of the Industry Forum (Appendix 4.F) have expressed a

willingness to financially support a portion of a university-level education program. The NSBRI

wholeheartedly endorses this recommendation.

Recommendation 7. To increase the pool of future space researchers, we strongly recommend increased

support and coordination of NSBRI's educational programs. Additional fimding should track the increase

in NSBRI's budget. Rather than increasing educational activities in vacuo, we recommend significant

integration of educational and research efforts, and we suggest future reviews include the evaluation ol c

the plan and the accomplishments of this effort.

Status: Agree. Activities have already been carried out in this regard that include, but are not limited, to

the action listed under the Status section of Recommendation 6. The Strategic Plan outlines the institute's

plans to grow the Education and Public Outreach Program (Strategic Plan Volume I, Section 4) with an

attgmented budget.

Recommendation 8. We strongly recommend increased attention to human resource issues at all levels

of NSBRI employment, especially at upper levels.

]'he openness of the program is important. Appendix 5 lists NSBRI funding across 21 states, reflecting regional dixersit5 and
the result thai solicitations are not restricted to consortium institutions.
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Status: As stated in the Status section of Recommendation 3, action has been taken in this regard.

Moreover, the NSBRI is proud that, based on merit, 26% of the Team and Associate Team Leaders are

women (Appendix 4.E), with the leadership of the prestigious Education and Outreach Team belonging to

an excellent and inspiring educator who happens to be an African-American female. Diversity is a

component of the lnstitute's Cooperative Agreement Notice and Strategic Plan, and the Institute works

hard to address human resource issues at all levels.

Recommendation 9. In establishing future priorities, we urge NSBRI to consider the recent

determination by NASA that radiation is the number one health-and-safe_ issue associated with deep

,spaceflight.

Status: Agree. Plans to focus research efforts in h!gh-priority areas, especially where the risks have high

likelihood, high consequence and low mitigation status, are important activities for NASA and the

NSBRI. This is discussed in the context of the Critical Path Roadmap in the Strategic Plan Volume 1,

Section 3. With respect to radiation, efforts have been under way to coordinate NSBRI investigators and

resources within the larger framework of NASA's radiation initiative.

Recommendation 10. We recommend that NSBRI consider the discontinuation or the reorganization of

the new team for integrated human systems.

Status: The Integrated Human Function Team was carefully reassessed in 2001 and formally

discontinued in 2002. Peer-reviewed projects previously assigned to the team were reassigned to other

teams, while maintaining central oversight of integration and modeling efforts among the teams. The

efforts to integrate modeling across the Institute are described in the Strategic Plan Volume 1, Section 5,

and in the Strategic Plans for each of the current teams (Strategic Plan Volume II).

Recommendation 11. NSBRI. JS(" and NASA Headquarters shouM find ways of increasing the

accessibility qf relevant pec_rmance and medical data.

Status: Agree. Considerable progress has been made in this area. There are strong ties between NSBR[

investigators and personnel in the Office of Bioastronautics and the Space Medicine and Health Care

Systems Office at JSC. Important and valuable performance and medical data are being made available,

where appropriate. There is a working group involving the NSBRI. JSC and NASA Headquarters that

brings together key personnel, including the NASA Chief Health and Medical Officer, to address medical

requirements and evidence-based medicine. This is critical for developing and implementing a

coordinated effort to best determine, prioritize and mitigate biomedical risks to astronaut health and

safety. Cooperative activities in this area are outlined in the Strategic Plan Volume l, Section 5.

Recommendation 12. We recommend that a NASA external review be scheduled Jor each individual

team m year 5, and every 3-5 years thereafter.

Status: Agree. Ongoing review of individual teams is important to assess the quality of the research,

relevance to the needs of NASA and performance based on defined goals and measures. These criteria are

espoused by the White House Office of Management and Budget. The NSBRI is an outstanding resource

for NASA and review of its teams affords an opportunity to critically evaluate, coordinate and integrate

NSBRI activities with other NASA programs and initiatives, thereby providing maximum benefit and

impact for NASA and the American people. A review schedule tbr the II research teams and the
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EducationandPublicOutreachTeam(seeStatussectionof Recommendation7) is proposedin the
StrategicPlanVolumeI, Section3.2

Recommendation 13. We were not given adequate information to assess the budgetary needs of NSBRI

for current andJuture years.

Status: This recommendation is a statement of fact rather than a recommendation per se. Nevertheless, it

is hoped that the present Strategic Plan, along with other materials being submitted by the NSBR1 and

JSC to NASA Headquarters, will provide a compelling case for the NSBR1 budget to be determined,

based on requirements, at an appropriate level above $10 M per annum.

Recommendation 14. Absent any new strategic plan or any external review, the committee has no basis

to endorse a large increase in funding.

Status: The Strategic Plan sets forth a program and implementation strategy for outstanding biomedical

research that will enable the Institute, in partnership with NASA, to achieve its mission and meet its

objectives and goals as originally laid out in the Cooperative Agreement Notice. The Strategic Plan is

submitted for external review.

: In the joint NSBR[ / JSC response letter (Appendix I of the accompan._ ing Progress Report/to the NASA Chief Scientist. there
xvas disagreement about the timing o[ the re_ic_ s. but not about ha_ ing the re_ ie_s lhc rc_iex_ schedule proposed in Section 3
of the Strategic Plan resolves this apparent (but not real ) conflict of _ie_ss.
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3. SELECTED RESEARCH ACCOMPLISHMENTS

Significant progress in NSBRI countermeasure development was showcased at the Institute retreat in

January 2002. This meeting involved more than 300 NSBRI investigators, students and NASA personnel

from multiple Centers and Headquarters. Many of the advances and achievements have been presented at

recent scholarly meetings, national committees and symposia, such as the Institute of Medicine

Committee on Aerospace Medicine and Medicine in Extreme Environments in January 2002, and the

National Space Symposium in April 2002. The NSBRI has matured to the point where research

discoveries (Appendix 3) and proof-of-principle countermeasures are beginning to be delivered

(Appendix 7). A survey of selected accomplishments is listed here to portray the depth and breadth of

research progress and deliverables.

Countermeasure Development

* Demonstrated that pharmaceuticals, such as tamoxifen, used after HZE exposure reduced the risk of

cancer.
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Showed, in partnership with JSC, that midodrine reduces the incidence of orthostatic hypotension,

after prolonged bed rest. Countermeasure development is in the flight-proposal stage. (Ramsdell, C.

D., T. J. Mullen, G. H. Sundby, S. Rostoft, N. Sheynberg, N. AIjuri, et al. Midodrine prevents

orthostatic intolerance associated with simulated spaceflight. J Appl Physiol 90:2245-2248, June

2001.)

R. Cohen, et ah Midodrine is an alpha-

sympathetic agonist that constricts both

veins and arteries.

Demonstrated that pharmaceuticals, such as bisphosphonates, and exercise reduce bone loss in

ground-based microgravity simulation studies. Flight proposal to test pharmaceuticals is in

development.

Bisphosphonates:
Receptor 1) Human efficacy (Shapiro)

Agonists:Estrogerf"_ °he qualry(Schaff_..

mechanisms
i1)Leptln

(Karsent¥)

2)GIP fisales)

Biophysical
1 )Vibr ation/gene

expression (Rubin)

r

Renal stone
prevention

(Zerwekh)

Fracture
I healing

T [ ( sOlander )

Restoration of bone/muscle

(Bloomfield}

J. Shapiro, el al: Testin_ Zoledronate (Novartis

- a third-generation bisphosphonate, used in

osteoporosis) to inhibit bone loss in spinal cord

patients, who experience similar patterns _?/

hone and muscle loss as astronauts.

Zoledronate exhibits a high level oJ counter-

measure readiness.

Showed that vibration stimulatio!l and mechanical loading affect bone mass and gene expression in

bone. (Rubin, C. T, D. W. Sommerfeldt, S. Judex, and Y. X. Qin. Inhibition of osteopenia by low

magllitude, high frequency mechanical stimuli. Drug Discov Today 6(16):848-858, August 15, 2001:

and in Rubin, C. T., G. Xu, and S. Judex. The anabolic activity of bone tissue, suppressed by disuse,

is normalized by brief exposure to extremely low magnitude mechanical stimuli. FASEB J 15:2225-

2229, 2001 .)
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Showed that intermittent exposure to bright light, when timed critically, greatly helps the body's

internal, or circadian, clock and allows for better sleep time. (Dijk, D. J., D. F. Neri, J. K. Wyatt, J. M.

Ronda, E. Riel, A. Ritz-De Cecco, R. J. Hughes, A. R. Elliott, G. K. Prisk, J. B. West, and C. A.

Czeisler. Sleep, pedbrmance, circadian rhythms, and light-dark cycles during two space shuttle

flights. Am J Physiol Regul Integr Comp Physiol 281 :R 1647-1664, November 2001 .)

Data from STS-106:

Evaluate Actual Schedule

Note." less than optimal performance
predicted during launch, landing and

much o[wakefulness in space
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Documented that nap time is less important than it had been thought to be if less than eight hours of

sleep is sustained per day. (S. M. Doran et al: Sustained attention performance during sleep

deprivation: evidence of state instability. Archives of Italian Biology: A Journal of Neuroscience,

139:253-267; and in D. Dinges, et al: Cumulative sleep loss in space flight: neurobehavioral

consequences and countermeasures. Submitted to Acta Astronaut.

Technological Advances in Non-lnvasive Health Care

• Developed a near infrared spectrum system to measure physiological parameters non-invasively.

Noninvasive

Measurement of

B ood & Tissue Chemistry

Drs, Babs Soller and Patrick ldwasi.
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Developed the Advanced Multiple Projection Dual Energy X-ray Absorptiometry (AMPDXA)

Scanning System to measure bone loss. Clinical trials are now under way. (Charles, Jr., H. K., T. J.

Beck, H. S. Feldmesser, T. C. Magee, T. S. Spisz, and V. L. Pisacane. Precision bone and muscle

loss measurements by advanced, multiple projection DEXA (AMPDXA) techniques for spaceflight

applications. Acta Astronaut 49(3- ! 0):447-450, August-November 2001 .)

Artist's concept of space-based protoflight
Advanced Multiple Projection Dual Ener_'
X-ray Absorptiometry (AMPDXA).

Comparison of AMPDA'A, le[?.

versus conventional DXA using

same bone

Patent Applications:

Charles, Jr., H. K., T. J. Beck, H. S. Feldmesser, T. C. Magee, J. A. Weiner, D. M. Lee, and C. E. Bennett.

Method and apparatus for multiple projection dual energy x-ray absorptiometry scanning. JHU/APL File

No. 1449-NSBRI, 2001.

Charles, Jr., H. K.+ T. J. Beck, H. S. Feldmesser, and T. C. Magee. Techniques for deriving tissue structure

from multiple projection, dual energy x-ray absorptiometry. JHU/APL File No. 1784-NSBRI, 2001.

Invention Disclosure:

Charles, Jr., H. K., and T. J. Beck. Highly efficient and compact x-ray source employing a thin transmission

target with spray cooling suitable for use in dual energy x-ray absorptiometr). _ (DXA) and other x-ray

systems+ 2001.

I 0
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Refined the Microvolt T-Wave AIternans test as a non-invasive method to identify risk for cardiac

arrest and sudden death during space flight. This technology has been cleared by the FDA and

approved by Medicare for reimbursement. The device can be used on Earth in hospitals and

emergency departments to predict cardiac arrhythmias and the risk of sudden death.

Developed a small, lightweight ultrasound scanner capable of providing accurate prediction of bone

physical properties and structural information for use in space flight. Instrumentation refinements

completed allowing animal testing. (Lin, W., Y. X. Qin, and C. Rubin. Ultrasonic wave propagation

in trabecular bone predicted by the stratified model. Ann Biomed Eng 29(9):781-790, September

2001 .)

Helped further development of a high-intensity, focused ultrasound (HIFU) system for hemorrhage

control and destroying unwanted tissue or tumors. (Lafon, C., O. A. Sapozhnikov, V. A. Khokhlova,

P. J. Kaczkowski, M. R. Bailey, and L. A. Crum. Use of a bovine eye lens for real-time observation

of HIFU-induced lesion evolution. Ultrasound Med Biol, submitted.)

Technological Advances in Environment Monitoring

• Developed an engineering prototype of a neutron scanner for space operations that has already been

flown in several aircraft at altitudes up to 40,000 feet. The device will next be flown at high altitude

(90,000 feet) in a balloon flight for 20 hours.

Count Rate and Altitude

120 _ 42 _i

100 35 _--7.

80 28
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• Developed biosensor for microbes and toxins that has application in the bioterrorism field.

SRU Technology Platform
i

Co_orimetrlC ResonantReflectanceBiosensor

i,.5-: ..........
J Oet_tl3,, & , . -o ......

.I [letectedC°_orM_t_cularghif_,bln_h_f_berO'ot_cau_'_ }_ i ...._i

R_lct_n kln_ir. _ mon,_orln_ ',_ _a;

/14. Klempner and B. Cunningham, et al: Real-time

assessment of microbial environment for early

detection, treatment and manipulation. Other

applications include non-microbial sensing, such as

proteins, toxins, pharmaceuticals. Project is under

development with a start-up biotecfi company.

Basic Science Advances

• Discovered Atrogin-l, a gene that is highly expressed during muscle atrophy and is associated with

protein degradation.

Atrogin-1. a muscle-specific F-box protein highly

expressed during muscle atrophy

:_, :L;:;,_ _;,_ _-"':Z°'_ ' , i_,;;' :,_,-: -_.- ...... _ ...... _................. ,..........

Gomes. M.D., S H. Lecker, R. 71 Jagoe, A

Naa,on, and A. L. Goldberg A trogin-1, a

muscle-spec![ic F-box protein highly

expressed during muscle atrophy. Proc

Natl ,4cad Sci 98(25), 14440-14445,

December 2001.

Discovered that altered blood flow and fluid flow in bone affects bone cells in ground-based

microgravity simulation studies. (Bloomfield, S. A., H. A. Hogan, and M. D. Delp. Decreases in

bone blood flow and bone material properties in aging Fischer-344 rats. Clin Orthop 396:428-457,

March 2002.)

Documented in ground-based research that space travel will lead to a weakened immune system.

(Shearer, W. T. Contamination of the spacecraft environment: immunologic consequences. Gravit

Space Biol Bull 14(2):7-14, June 2001 .)

Demonstrated in Antarctic studies that isolation and confinement leads to increased excretion and/or

reactivation of latent viruses and a "turning off'" of some of the immune system. (Shearer, W. T., B.

N. Lee, S. G. Cron, H. M. Rosenblatt, E. O. Smith, D. J. Lugg, P. M. Nickolls. R. M. Sharp. K.

Rollings, and J. M. Reuben. Suppression of human anti-inflammator} plasma cytokines IL-10 and

IL1-RA with elevation of proinflammator3 cytokine IFN-y during the isolation of the Antarctic

winter. JAllerg3., Clin Immtmol, (5 Pt 1):854-857, May 2002.

12
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Found that reactivation of viruses is of concern under extreme conditions because they may be

involved in cancer development, in addition to non-malignant disease. (R. A Vilchez, C. R. Madden,

C. A. Kozinetz, S. J. Halvorson, Z. S. White, J. L. Jorgensen, et al. The Lancet 359:817-823, 2002.)

Proved that chronic sleep restriction affects behavioral capability and the endocrine system. (Shearer,

W. T., J. M. Reuben, J. M. Mullington, N. J. Price, B. N. Lee, E. O. Smith, M. P. Szuba, H. P. A. Van

Dongen, and D. F. Dinges. Soluble tumor necrosis factor-alpha receptor I and interleukin-6 plasma

levels in humans subjected to the sleep deprivation model of spaceflight. J Allergy Clin Immunol,

107: 165-170, 2001.)

4. SELECTED EDUCATION AND PUBLIC OUTREACH ACCOMPLISHMENTS

Members of the Education and Public Outreach Team work with the various Institute research teams to

inspire and communicate the excitement and importance of space life sciences to students, teachers and

the general public. Several of the Education and Public Outreach Team achievements are listed here

showing the variety of work being done and materials available. Another component of the Education,

Training and Outreach Program of the NSBRI is the Communications and Outreach group, which is

responsible for information dissemination to scientists and the public (Appendix 6).

Education and Public Outreach Materials

• Developed the first three in a series of educational materials for grades 4-6. Each guide highlights an

Institute research area.

B. Thomson and N. Moreno, et ah From

Outerspace to lnnerspace .4ctivlty Gmdt's

Jbr Teachers. Bavlor College O/Aledicine

0

Developed two problem-based, case study curriculum guidcs addressing sleep and circadian rhythms

and neurovestibular function. These studies give students enough information to proceed with

investigations but require them to undertake further investigation to solve the problem at hand. In

partnership with the Harvard Medical School Teacher Institute. Morehouse School of Medicine

created these guides for 5th through 12th grade teachers and students. (M. MacLeish. et al: What's Up

With Jose and Cecilia's Story. Morehouse School of Medicine.)

Created two teacher professional development programs including _'orkshops. summer institutes and

research experiences for middle- and high-school teachers. (R. James. et al: Teacher Academy

Project, Texas A&M University: and R. Smith and C. ttouston, el al: Outreach Program _." the

Projessional Development of Students and Teachers on Studies Related to Biomedicine in Outer

Space, Rice University and the University of Texas Medical Branch at Galveston.)

13
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Developed and evaluated a graduate-level curriculum to educate a generation of scholars in space life

sciences. The course work is being adapted to the undergraduate level. (D. Newman, Space

Biomedical Sciences and Engineering Curriculum and Outreach Program. Massachusetts Institute of

Technology.)

Created two student research programs allowing high school and college students to spend a summer

working in research laboratories and explore the life of a research scientist. (A second focus of M.

MacLeish, et al: MSM Undergraduate Summer Research Program, Morehouse School of Medicine.

Also a second focus of R. Smith and C. Houston, et a[: Outreach Program for the Professional

Development of Students and Teachers on Studies Related to Biomedicine in Outer Space, Rice

University and the University of Texas Medical Branch at Galveston.)

Developed an opportunity where students in the University of Washington's Technical

Communications program will have the opportuni_, to interview NSBRI researchers as part of a '

science writing course. Articles appear in the magazine Northwest Science and Technology.. (D.

lllman: Northwest Outreach Program on Space Biomedical Research_ University of Washington.)

14
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Appendices to the NSBRI Progress Report are available upon

request.

Please contact the NSBRI at 713-798-7412 ifa copy of the

appendices is needed.
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REPORT ON INSTITUTE ACTIVITIES

Jeffrey P. Sutton, M.D., Ph.D.

Board of Directors Meeting

Washington, D.C.

September 26-27, 2002

I. Overview

The past six months have been a busy and critical time for the Institute, with a ubiquitous and strong

effort throughout the NSBRI community to work towards stabilizing our Institute, and ensuring that we

have a bright and productive future in order to meet our mission as set forth by NASA.

11. Strategic Plan and Review

Strategic Plan Volumes I and II were completed over a seven-week period following the last Board of

Directors meeting. They were delivered on time to NASA tot external peer review, and then reviewed at

a meeting in Washington on June 10-1 I, 2002. The strategic planning effort, including the response to

the review, was collaborative and reflective of the cooperative partnership between the NSBRI and JSC.

Special recognition and appreciation are extended to Bobby Alford, M.D., Ron White, Ph.D., General

Jefferson Howell, Jr., David Williams, M.D., John Rummel, Ph.D., Judith Robinson. PhD. and tile Team

Leaders. The Institute is also appreciative of the Review Committee, chaired by Judith Vaitukaitis, M.D.,

who carefully evaluated the materials and gave in depth consideration to, and recommendations

regarding, the strengths and shortcomings of our Institute.

As members of tile Board of Directors already know, Strategic Plan Volunle I presents a gap analysis

between the lnstitute's current strategies and those needed to meet the objectives and goals of the

Institute, as laid out in NASA Cooperative Agreement Notice 9-CAN-96-01 and subsequent

augmentation guidelines. Strategic Plan Volume H contains the strategic plans for each of the eleven

research teams, as well as the Education and Public Outreach Team. Both volumes are science driven and

mission oriented.

Three other related documents were prepared as ancillar,_ materials to tile Strategic l'lan. A Progress

Report outlines the principle accomplishments of the Institute and summarizes ho_ tile Institute has

addressed all recommendations of the 2000 Site Visit Report of the National Space Biomedical Research

Institute. An Executive Financial Summary gives a baseline from which the budget contained in the

Strategic Plan projects forward over five years. A Presentation to Panel bookie! summarizes the

Strategic Plan and related materials in the context of the Review Committee's assessmen! criteria.
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TheReviewof theNSBRIStrategicResearchPlanconcludesthat theInstitutehasmadeoutstanding
progressandthatthereisaneedfor adequateandstablefunding.In particular,

The original budgetary discussions of an annual NSBRI budget of 50 million to 100 million

dollars, in addition to the baseline Biomedical Research Program. would be appropriate to

support research into the health risks associated with space .flight. The need is urgent because

health risks are likely to increase cumulatively. (p. 8)

The Review is an important document containing critiques and recommendations on eleven topics.

Matters pertaining to these topics were addressed in a joint JSC/NSBRI response to NASA HQ on June

21, 2002. On June 28, 2002, the Acting Director of the Division of Bioastronautics at NASA HQ, along

with Dr. Vaitukaitis, wrote a letter to the Associate Administrator, Ms. Mary Kicza, of NASA's Office of

Biological and Physical Research (OBPR) stating that the peer review of the NSBRI Strategic Plan had

been successfully completed. Subsequently, on July 10, 2002, Ms. Kicza wrote to JSC Center Director,

General Howell, stating that

The recommendation that 'NASA should increase and stabilize the NSBRI budget' will require

changes to our current plans. We will take these recommendations, together with the results of

the Research Maximization and Prioritization (REMAP) task force, into account in our budget

discussions this summer.

On August 29, 2002, the NSBRi received a letter from the JSC Contracting Officer informing the

Institute that, for planning purposes, the NSBRI should presume a $30 M total budget ($29 M plus $1 M

for Advanced Medical Care Systems) for FY 2003 through FY 2007.

Going forward, it will be necessary to modify the Strategic Plan. Changes to Strategic Plan Volume 1

include, but are not limited to, addressing topics contained in the Review (e.g., Topic 2 - Team Leader

selection, Topic 3 - productivity metrics, Topic 6 - bioinformatics), as well as providing updated budget

projections based on NASA's budget tbr the NSBRI. The EAC should review a revised version of

Strategic Plan Volume I. as well as the team strategic plans contained in Strategic Plan Volume H, in

accord with the EAC responsibilities set forth in the 1907 A Proposal for the Establishment of the

National Space Biomedical Research htstitute (NSBRI).

A key point to emphasize is the need for productivity and the generation of demonstrable

countermeasures (see Section VI). As stated in the June 28, 2002, letter referenced above,

the Institute needs to make real and measurable progress towards" developing active

interventions at higher Countermeasure Readiness LeveLs" (CRLs). The NSBR1 should develop

tangible performance metrics in order to assess their progress in transitioning toward higher

C RLs.

II1. Scientific Progress

Investigators continue to make good progress on projects, ahhough the 25°/'o average reduction in

research support has had an impact on productivity.
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a. Selected Team Achievements

Dr. Bloomfield and Bone Loss Team colleagues at Texas A&M University have completed 91 hindlimb

unloading experiments in rats showing that isometric torque and muscle mass recovers to pre-unloading

values after 14 days of normal cage activity; whereas, total bone mineral density remains depressed by 7-

10% through 28 days of normal cage activity (preliminary results published in Bone, 2002:149-157). The

investigators are seeking the time interval of maximal mismatch between bone mass and muscle strength,

in order to focus upcoming countermeasure experiments on that interval.

In related work, Dr. Goldberg and colleagues at Harvard Medical School and on the Muscle Alterations

and Atrophy Team have focused on gene changes associated with muscle atrophy. Their earlier work

showing dramatic increases in mRNA for the ubiquitin ligase atrogin-I was reported late last year in

PNAS. This has been followed by a recent paper (Nature Medicine, 2002;8:338-340), which offers new

insights into pathways to reduce muscle atrophy.

On the Neurobehavioral and Psychosocial Team, Drs. Carter and Buckey, and colleagues at Dartmouth

Medical School, have completed interviews with ten astronauts and cosmonauts from long-duration

missions, and are using their data to help develop a computer-based system for self-diagnosis and

treatment of psychosocial problems (JAMA, 2002:288:822). Dr. Wood at NASA/JSC discussed aspects

of psychosocial challenges in the Antarctic winter environmental analog to space in Highlights ._n"

Children (September, 2002: circulation 2.5 million).

The Immunology, Infection and Hematology Team continues to make excellent progress in several areas:

Antarctic winter human model of space flight: radiation and viral infection mouse model: human stem-

cell monitoring post radiation: anti-orthostatic mouse model of microgravity: and microbial monitoring.

Dr. Sonnenfeld and colleagues at Morehouse School of Medicine have demonstrated impaired resistance

to gram-negative organisms in anti-orthostatic mice (JAller_,9' ('Ira hnmunol. 2002:110:262-268) and Dr.

Shi and colleagues at Robert Wood Johnson Medical School have sho_n increased expression of Fas/Fas

L (apoptosis) on lymphocytes (blocked by anti Fas L) in the same animal model (Brain Behav Immun.

2002. in press).

Dr. Vazquez and Radiation Effects Team collaborators at Brookhaven National Laboratory are following

180 of the 498 C57B1/6 male mice exposed to acute doses of0.15 to 4.8 Gy Fe ions and gamma radiation

during the last NASA run (BNL-8, April 2002). The animals are being monitored to detect memory

function alterations and changes in hippocampal biochemist_'. These investigators have recently shown

that doses as low as 0.25 Gy of heavy ions are able to up-regulate p53 within hours in human neural

precursor cells and rodent glial progenitor cells (CG4). bFGF as a countermeasure is able to protect

apoptosis induction in CG4.

Dr. Cohen from MIT and Dr. Meck from NASA/JSC. and their co-workers on the Cardiovascular

Alterations Team, have complementary flight projects involving onhostatic hypotension. Both studies

have completed the definition phase for flight study and Midodrine. as a cot, ntermeasure for post-flight

orthostatic hypotension, has been used with good results in one astronaut. Interestingl), nearly all

females, while only 50% of males, are tilt intolerant follo_ing simulated ,nicrogravit3. The mechanisms

are being investigated.
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Scientistson the Smart Medical Systems Team and Technology Development Team continue to make

advances on enabling technologies for countermeasures. The Sutton project has used SpaceDOCK, a new

software program developed with a NASA flight surgeon, to evaluate performance in awake- and sleep-

deprived subjects undergoing simultaneous brain fMRI and diffuse optical tomography (DOT) imaging

(Neurolmage, 2002, in press). The results reveal objective measures of brain function obtained by a

portable, non-invasive means (DOT), which is a technology desirable to the medical operations

community. Also, in collaboration with JSC medical operations and Ames Research Center personnel,

and with new (NSBRI leveraged) support from the Department of Defense, Dr. James Thomas of the

Cleveland Clinic Foundation has been participating in wireless demonstrations of portable

ultrasonography and transmission. The system is being developed for future physiological studies and

medical care aboard the ISS.

At Johns Hopkins University, Dr. Charles has filed a provisional U.S. patent application related to his

technology project on an Advanced, Dual Energy X-ray Absorptiometry (AMPDXA) Scanning System.

Dr. Charles' work will be featured in an upcoming issue of Advancing Microelectronics, where the cover

will illustrate the AMPDXA in a space setting.

b. Selected Inter-Team Achievements

There is clear evidence of added value across projects and teams. The Human Perlbrmance Team is using

the theme of understanding light input to the circadian system to use light, which is already an

operational countermeasure, in more effective ways. For example, Dr. Brainard from Jefferson Medical

College, has made significant progress on optimizing the light spectrum to enhance performance. Since

March 2002, the Team has 15 new publications, three papers in press, five manuscripts that have been

submitted for publication, 51 presentations, eight new awards funded totaling $3.8 M and four new grant

proposals that have been submitted.

Appendix I of this report contains an outline of an upcoming special issue of Nutrition, which is co-

edited by the Team Leader and a co-investigator on the Nutrition. Physical Fitness and Rehabilitation

Team. The issue involves 23 members throughout our NSBRlq',IASA community and demonstrates the

interdisciplinary expertise that the Institute brings to address important biomedical problems related to

nutrition in space.

Similarly, the Neurovestibular Adaptation Team has an upcoming special issue of the Journal o[

Vestibular Research highlighting research findings on their team.

Projects from ttle former Integrated Human Function Team have been successfiflly re-assigned to other

research teams and are being leveraged to support a NSBRI/NASA focus on exercise countermeasures. A

Report on Exercise Workshop for A_BRI Digital Human Modeling Core, authored by Martin

Kushmerick, M.D., Ph.D., summarizes the directions that the new Core is taking.

Principal investigators from three teams recently visited German5 to discuss ground-based research

efforts. Also. an international initiative is being coordinated to advance studies in artificial gravity.
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IV. NSBRIfNASA Coordination

There have been many changes in senior leadership positions at NASA HQ and JSC, and the NSBRI has

been active to ensure that strong connections remain, and new ones are formed, with our NASA partner.

The valuable role that the NSBRI has for NASA was evident in the plenary talk given by Ms. Mary Kicza

at the September 2002 EAC meeting in Philadelphia.

The NSBRI continues to play a central role in the evolution of the Critical Path Roadmap. The Institute

has also been participating in the Risk Mitigation Collaborative Group, headed by Jeffrey Davis, M.D.,

the new Director of the Space and Life Sciences Directorate at JSC and by Guy Fogleman, Ph.D., the

Acting Director of the Division of Bioastronautics at NASA HQ. The Group examines, in part,

biomedical risk reduction strategies for different mission scenarios, which include multiple factors, such

as risk type, consequences, likelihood, current countermeasure readiness and crew health, safety and

performance requirements. NASA participants include NASA's Chief Scientist_ Shannon Lucid, Ph.D.,

Chief Health and Medical Officer, Richard Williams, M.D., and leaders from OBPR, the Office of Space

Flight and JSC. The activities of this Group help determine the research priorities on the Critical Path

Roadmap, and hence the NSBRI, whose research activities must be coordinated with NASA priorities

and needs.

Another area where there has been increased coordination is in the solicitation and peer-review of NASA

Bioastronautics and NSBRI proposals (see Section V).

NASA's budget to the NSBRI specifies funding for Advanced Medical Care Systems, where the NSBR!

is to collaborate with JSC personnel on joint projects having direct operational need. Two projects are

currently under development. One project concerns the design and testing of a space-adapted human

patient simulator for training purposes. A second project refines non-invasive physiological sensors for
astronaut exercise assessment and utilization.

V. New Proposals

On October 31, 2001, NASA released solicitation NRA 01-OBPR-07 on behalf of three programs,

including the NSBRI. Fifty-one proposals were received by the NSBRI and subsequently underwent peer

review along with the other NASA proposals. Twenty-five proposals were in the competitive range (a

score of 70 or greater out of 100). Four proposals were transferred from NASA to the NSBRi.

Representatives of NSBR1 Senior Management attended the NASA selection meeting. All 29 proposals

were reviewed for programmatic relevance by appropriate Team Leaders. A combination of peer-review

score and relevancy categorized the proposals, which were then prioritized by the EAC for funding.

Selection of new proposals will depend upon the FY 2003 budget.

Unlike past solicitations and reviews, the NSBR! shared many aspects of the solicitation-review-selection

cycle with NASA. The process worked well in many respects. However, the NSBRI may wish to

consider having the BSC have a direct role in overseeing the peer-review process for the Institute, rather

than delegating the task to NASA. The rationale is that review of applied countermeasure research

requires different panels than those revie_ing basic R01-type research for NASA, and continuit_ in

expert panel membership may serve the Institute better than ad-hoc panel composition.
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In addition to research proposals submitted in response to the joint NASA/NSBRI solicitation, a proposal

for a fellowship program was received from Morehouse School of Medicine. The establishment of an

Institute fellowship program is a priority for FY 2003, if the budget will allow this program to be

launched. The Morehouse proposal is being forwarded to the BSC for review.

VI. Countermeasure Productivity

A concerted effort is under way to have improved methods for tracking, evaluating and ensuring

countermeasure productivity. A user-friendly electronic system for investigators to upload information,

such as scientific articles, presentations, patent applications and collaborations with NASA scientists, is

scheduled for completion by the end of 2002. The system will be used to generate project and team

reports in a standard format, and it will allow management to better assess progress and implementation

of current team strategies.

There is also a need to identify and foster the most promising projects that will deliver countermeasures

of high priority and impact to NASA. In the initial NSBRI proposal, a Research Steering Committee

consisting of a Chairperson and the Team Leaders was to coordinate prqiects. The Committee was to be

expanded to include representatives from JSC. However, the Committee was short-lived and it is

apparent that the Institute can benefit from a panel to help foster due diligence on promising projects. It

is imperative that the Institute begins to have demonstrable countermeasure deliverables and "'success

stories."

After consultation with representatives from the Board of Directors. Team Leaders, Industry Forum and

venture capital, User Panel, EAC, BSC and NASA, a Committee on Research and Technology

Transfer (CRTT) has been formed (see Appendix 1I). The purpose of the Committee is to help

determine what next action steps are most appropriate to "'fast track" scientifically meritorious projects,

that also have a high probability of success for countermeasure transfer and/or commercialization.

VII. Guidelines for Team Leadership

A draft document for NSBR1 team leadership guidelines has been prepared and circulated to Team

Leaders and to EAC members. The document is currently undergoing revision and should be ready' for

presentation to the Board of Directors at the next Board meeting.

VIII. Leadership Changes

Martin Fettman, D.V.M., Ph.D., Chairman of the EAC, will be stepping down from service on the EAC

following the September 2002 Board of Directors meeting. His valuable leadership and contributions to

the NSBRI over the years are greatly appreciated. We wish Dr. Fettman continued success in the future.

Lawrence Crum, Ph.D., from the University of Washington, has been elevated from Associate Team

Leader to Acting Team Leader for the Smart Medical Systems Team.

6
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IX. Budget

The President's FY 2003 budget for the NSBRI is $17.2 M, including $1 M for Advanced Medical Care

Systems. The Senate markup of the President's FY 2003 budget identifies the NSBRI to receive $7.5 M

above the President's FY 2003 budget. The budget now goes before the House. Dr. Alford and other

members of the Board of Directors are to be commended for their outstanding efforts in working with

Congress on behalf of our Institute.

NASA's acceptance of the NSBRI Strategic Plan, as the proposal for the second 5-year period of

performance for the NASA Cooperative Agreement NCC 9-58, instructs the Institute to presume, for

planning purposes, a budget of $30 M for FY 2003 through FY 2007 (Section I1). The actual NSBRI

budget from NASA will depend upon multiple factors, including the OBPR budget changes as a result of

the Research Maximization and Prioritization (REMAP) Task Force recommendations, and Congress.

In July 2002, the REMAP Task Force reported to the NASA Advisory Council. The final REMAP report

is available online at http://spaceresearch.nasa.gov/general_inlb/remapreport.html. The Committee was

assembled to assist OBPR in establishing a prioritized program for its research portfolio. The highest

priority areas in biomedical research include radiation health, behavior and performance, physiology

(integrated and organ system physiology) and clinical/operational medicine. Many of the

recommendations of the REMAP report encompass and endorse a NSBRI-like model for research,

including goal directed programs, visionary strategies and an interdisciplinar7 organization aligned along

research questions rather than disciplines.

X. Priorities Going Forward

• Implement an appropriate tactical plan based on tile actual FY 2003 NSBRI budget. Tile priori_

areas are the ongoing research program, nc_ proposals and the fellowship program.

• Continue to strengthen ties with NASA to enable high countermeasure readiness level research

and transition to flight and operations, where appropriate.

• Refine mechanisms to foster and track countermeasure productivity and "'success stories" within

our program (e.g., CRTT).

• Reconstitute the BSC, augment and balance the EAC membership and re-engage the User Panel.

• Have Strategic Plan Vohmtes I (revised) and H reviewed by the EAC.

• Develop a solicitation for FY 2004 proposals, focused on countermeasure research that will

allow the Institute to successfully meet its mission.
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Upcoming Issues

October Special Issue 2002

Nutrition In Space

edited by Joanne R. Lupton, Phi)
Professor

and

.'Nancy Turner, lWn.D,CNS
Professor

from Texas A&M University
College Station, Texas, USA

Authors Title

Borehers AT, Keen CL, Gershwin, ME Microgravity and immune responsiveness: implications for space

travel

Cassone VM, Stephan FK

Cassone is a member of the neurovestibular

team, NSBRI

Convertino VA

Convertino is an EAC member, NSBRI

Da Silva MS, Zimmerman PM, Meguid Anorexia in space and possible etiologies: an overview

MM, Nandi J, Ohinata K, Xu Y, Chen C,

Tada T, inui A

Fang YZ, Yang S, Wu G Free radicals, antioxidants and nutrition

Ferrando AA, Paddon-Jones D, Wolfe RR Alterations in protein metabolism during space flight and

This group consists of members of the inactivity

nutrition and phvsical fitness team, NSBRI

Heer M Nutritional interventions related to bone turnover in European

space missions and simulation models

Kerwin J, Seddon R Eating in Space - from an Astronaut's perspective

Kerwin is a member of the Board of

Dtrectors. bTdustrv Forum and User Panel.

and Seddon is an EAC member, NSBRI
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Central and peripheral regulation of feeding and nutrition by the

mammalian circadian clock: implications for nutrition dtring

manned space flight

Planning strategies for development of effective exercise and

nutrition countermeasures for long duration spaceflight
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Lane HW and Feeback D L

Lane is a member of the nutrition and
team, NSBRI

Lane HW and Feeback D L

Lane is a member of the nutrition and
team, NSBRI

Perchonok M and Bourland, C
Perchonok is on the nutrition and physical

team, NSBRI

Smith SM and Heer M

Smith is on the nutrition and physical fitness

team, NSBRI

Smith SM

Smith is on the nutrition and physical fitness

team, NSBR1

Smith SM, Uchakin, PN, Tobin, BW

Smith, Uchakin and Tobm are all on the

nutrition and ph),sical fitness team, NSBRI
BR, Cabrera M, Smith SM, Sutton

JP Soller is on the smart medical systems

team, Cabrera is part of the integrated

human function core and on the nutrition

and physical fitness team, Smith is on the
nutrition and physical fitness team, Sutton is

Director, NSBRI

Sonnenfeld G

Sonnenfeld is Associate Team Leader for the

immunology, infection and hematology team,
NSBRI

Stein TP

Tobin BW, Uchakin PN, Leeper-
Woodford SK
Tobin and Uchakin are on the nutrition and

team. NSBRI

Turner ND, Braby LA, Ford J, Lupton JR
All authors are on the nutrition and physical

.fitness team, Lupton is Team Leader of the
nutrition and physical fitness team, NSBRI
Wade CE, Miller MM, Baer LA, Moran

MM, Steele MK, Stein TP

Williams DR

Williams isjormer Director of the Space and
,. Sciences Directorate. NASA JSC

Zerwekh JE

Zerwekh is on the bone loss team, NSBRI

Overview: history of nutrition in spaceflight

Water and energy dietary requirements and endocrinology of

human spaceflight

NASA Food Systems: past, present and future

Calcium and bone metabolism during spaceflight

Red blood cell and iron metabolism during spaceflight

Spaceflight nutrition research: platforms and analogs

Smart medical systems with application to nutrition and fitness in

space

Immune function during space flight

Space flight and oxidative stress

Insulin secretion and sensitivib' in spaceflight: diabetogenic
effects

Opportunities lor nutritional amelioration of radiation-induced

cellular damage

Body mass. energy intake and water constrnption of rats and

humans durin_ spaceflight
Bioastronautics: optimizing human performance through research
and medical innovations

Nutrition and renal stone disease in space
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Committee on Research and Technology Transfer (CRTT) '

NSBRI Senior Management

Jeffrey Sutton, M.D., Ph.D. (NSBRI), Chair
Ron White, Ph.D. (NSBRI)

Team Leaders

Harry Charles, Ph.D. (Johns Hopkins, Technology Development Team)
Richard Cohen, M.D., Ph.D. (MIT, Cardiovascular Alterations Team)

Lawrence Crum, Ph.D. (U Washington, Smart Medical Systems Team)

Jay Buckey, Jr., M.D. (Dartmouth, Technology Development Team)

NASA/JSC Medical Operations

Nitza Cintron, M.D., Ph.D.

Craig Fischer, M.D.

Industry Forum

Joseph Kerwin, M.D. (Wyle) 2

Mark Wilson (Boeing)

User Panel

Owen Garriott, Ph.D.

Board of Directors

Susanne Churchill, Ph.D. (Harvard)

External Advisory Council

Theodore Berger, Ph.D. (USC)

Board of Scientific Counselors

Hal Broxmeyer, Ph.D. (Indiana U)

Academic-Industry Enterprises

Frank Lansburger, Ph.D. (MIT)

Venture Creation/Capital

Noubar Afeyan. Ph.D. (Flagship Ventures)

Legal/Intellectual Property

TBD

Updated October 4. 2002
2 Dr. Kerwin is also a member of the Board of Directors and User Panel
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National SpaceBiomedicalResearchInstitute Publications

Articles

Belay, T., and G. Sonnenfeld. Differential effects of catecholamines on in vitro growth of

pathogenic bacteria. Life Sci 71:447-456, 2002.

Belay, T., H. Aviles, M. Vance, K. Fountain, and G. Sonnenfeld. Effects of the hindlimb-

unloading model of Spaceflight conditions on resistance on mice to infection with Klebsiella

pneumoniae. J Allergy Clin Immunol 110:262-268, 2002.

Bloomfield, S. A. Cellular and molecular mechanisms for the bone response to mechanical

loading, lnt J Sport Nutr Exerc Metab Suppl (S):128-136, December 11, 2001.

Bloomfield, S. A., H. A. Hogan, and M. D. Delp. Decreases in bone blood flow and bone

material properties in aging Fischer-344 rats. Clin Orthop 396:428-457, March 2002.

Bloomfield, S. A., M. R. Allen, H. A. Hogan, and M. D. Delp. Site- and compartment-specific

changes in bone with hindlimb unloading in mature adult rats. Bone 31(1):149-157, July 2002.

Brooks-Asplund, E. M., A. A. Shoukas, S. Y. Kim. S. A. Burke, and D. E. Berkowitz. Estrogen

has opposing effects on vascular reactivity in obese, insulin-resistant male zucker rats. J Appl

Physiol 92(5):2035-44, May 2002.

Chang, P. Y., N. Kanazawa, L. Lutze-Mann. and R. A. Winegar. HZE particle radiation induced

tissue-specific and p53-dependent mutagenesis in transgenic animals. Phys Med 17, supplement

1:189-91, 2001.

Charles, Jr., H. K., T. J. Beck, H. S. Feidmesser. T. C. Magee, T. S. Spisz, and V. L. Pisacane.

Precision bone and muscle loss measurements by advanced, multiple projection DEXA

(AMPDXA) techniques for spaceflight applications. Acta Astronaut 49(3-10):447-450, August-

November 2001.

Cucinotta, F. A., J. F. Diceilo, H. Nikjoo, and R. Cherubini. Computational model of the

modulation of gene expression following DNA damage. Radiat Prot Dosimetry 99(1-4):85-90,

2002.

Cucinotta, F. A., W. Schimmerling, J. W. Wilson. L. E. Peterson, G. Badhwar. P. Saganti, and J.

F. Dicello. Space radiation cancer risks and uncertainties for Mars missions. Radiat Res

156:682-688, 2001.

Dang, L. H., C. Bettegowda, D. L. Huso, K. W. Kinzler, and B. Vogelstein. Combination

bacteriolytic therapy for the treatment of experimental tumors. Proc A'2itl Acad Sci

98(26):15155-60, 2001.



Dijk, D. J., D. F. Neri, J. K. Wyatt, J. M. Ronda, E. Riel, A. Ritz-De Cecco, R. J. Hughes, A. R.
Elliott, G. K. Prisk, J. B. West, and C. A. Czeisler. Sleep, performance, circadian rhythms, and

light-dark cycles during two space shuttle flights. Am J Physiol Regul Integr Comp Physiol

281 :R1647-1664, November 2001.

Dimitri, P. S., C. Wall III, J. G. Oas, and S. D. Rauch. Application of multivariate statistics to

vestibular testing: discriminating between Meniere's disease and migraine associated dizziness.

J Vestib Res 11(1):53-65, 2001.

Elstad, M., K. Toska, K. H. Chon, E. A. Raeder, and R. J. Cohen. Respiratory sinus arrhythmia:

opposite effects on systolic and mean arterial pressure in supine humans. J Physiol 1:536(Pt

1):251-9, October 2001.

Glickman, G., R. Levin, and G. C. Brainard. Ocular input for human melatonin regulation:

relevance to breast cancer. Neuroendocrinology Lett 23:17-22, July 2002.

Gomes, M. D., S. H. Lecker, R. T. Jagoe, A. Navon, and A. L. Goldberg. Atrogin-1, a muscle-

specific F-box protein highly expressed during muscle atrophy. Proc Natl Acad Sci

98(25): 14440-14445, December 2001.

Fukuhara C., J. C. Dirden, and G. Tosini. Regulation of Period 1 expression in cultured rat

pineal. NeuroSignals 11: 103-114. 2002.

Hecht, H., J. Kavelaars, C. C. Cheung, and L. R. Young. Orientation illusions and heart-rate

changes during short-radius centrifugation. J Vestib Res 11(2):115-127, 2001.

Heldt, T., E. B. Shim, R. D. Kamm, and R. G. Mark. Computational modeling of cardiovascular

response to orthostatic stress..l Appl Physiol 29(3 ):1239-1254. March 2002.

Hirasaki, E., S. T. Moore, T. Raphan, and B. Cohen. ttead and body' movements in the yaw and

roll planes during straight walking. Soc Neuroscience. November 2001.

Howard, I., and G. Hu. Visually induced reorientation illusions. Perception 30(5):583-600,

2001.

Judex, S., L. R. Donahue, and C. T. Rubin. Genetic predisposition to osteoporosis is paralleled

by an enhanced sensitivity to signals anabolic to the skeleton. FASEB J Express 10.1096/t].01-

0913§e, 2002.

Kourentzi, K. D., G. E. Fox, and R. C. Willson. Microbial identification by

immunohybridization assay of artificial RNA labels. J Microbiol Methods 49(3):301-306, May'

2002.

Lednicky, J. A., S. J. Haivorson, and J. S. Butel. PCR detection and DNA sequence analysis of

the regulatory region of lymphotropic papovavirus in peripheral blood mononuclear cells of an

immunocompromised rhesus macaque. J ('lin Microhiol 40(3):1056-1059, March 2002.



Lieberman, P. Human language and our reptilian brain. The subcortical bases of speech, syntax,

and thought. Perspect Biol Med 44(1):32-51, Winter 2001.

Martin, E., Y-C Lee, and F. Murad. YC-1 activation of human soluble guanylyl cyclase has both

heme-dependent and heme-independent components. PNAS 98(23): 12938-12942, November 6,

2001.

Meerlo P., M. Koehl, K. van der Borght, and F. W. Turek. Sleep restriction alters the

hypothalamic-pituitary-adrenal response to stress. J Neuroendocrinol, 14: 397-402, 2002.

Miller, T. A., L. A. Lesniewski, J. M. Muller-Delp, A. K. Majors, D. Scalise, and M. D. Delp.

Hindlimb unloading induces a collagen isoform shift in the soleus muscle of the rat. Am J

Physiol Regul Integr Comp Physiol 281(5):R1710-1717, November 2001.

Monahan, K. D., and C. A. Ray. Limb neurovascular control during altered otolithic input in

humans. J Physiol 538(Pt 1):303-308, January 2002.

Monahan, K. D., M. K. Sharpe, D. Drury, A. C. Ertl, and C. A. Ray. Influence of vestibular

activation on respiration in humans. Am .! Physiol Regul Integr Comp Physiol 282(3):R689-94,

March 2002.

Monahan, K. D., and C. A. Ray. Interactive effect of hypoxia and otolith organ engagement on

cardiovascular regulation in humans..]Appl Physiol 93(2):576-580, August 2002.

Moore, S. T., E. Hirasaki, T. Raphan, and B. Cohen. The human vestibulo-ocular reflex during

linear locomotion. Ann NYAcad Sci 942:139-147, October 2001.

Mukkamala, R., and R. J. Cohen. A forward model-based validation of cardiovascular system

identification. Am ,! Physiol Heart Circ Phvsiol 281(6):H2714-2730, December 2001.

Murphy, J. C., G. E. Fox, and R. C. Willson. Structured RNA isolation and fractionation with

compaction agents. Anal Biochem 295:143-148,2001.

Naghavi, M., R. John, S. Naguib, M. S. Siadaty, R. Grasu, K. C. Kurian, W. B. van Winkle, B.

Soller_ S. Litovsky, M. Madjid, J. T. Willerson, and W. Casscells. pH Heterogeneity of human

and rabbit atherosclerotic plaques; a new insight into detection of vulnerable plaque.

Atherosclerosis 164, 27-35, 2002.

Nyhan, D., S. Kim, S. Dunbar, D. Li, A. Shoukas, and D. Berkowitz. Impaired pulmonary artery

contractile responses in a rat model of microgravity: role of nitric oxide. J Appl Phvsiol

92( 1):33-40, January 2002.

Oman C. M., W. Shebilske, J. Richards. T. Tubre, A. Beall, and A. Natapoff. Three dimensional

spatial memory and learning in real and virtual environments. J Spatial Cognition and

Computation 2(4): 1-20, 2002.



O'Sullivan, C. E.,R. S.Peng,K. S.Cole,R. C. Montelaro, T. Sturegeon, H. B. Jenson, and P. D.

Ling. Epstein-Barr virus and human immunodeficiency virus serological responses and viral

burdens in HIV-infected patients treated with HAART. JMed Virol 67:320-326, 2002.

Ray, C. A., and K. D. Monahan. The vestibulosympathetic reflex in humans: neural interactions

between cardiovascular reflexes. Clin Exp Pharmacol Physiol 29(1-2):98-102, January-February

2002.

Rogers, N. L., and D. F. Dinges. Shiftwork, circadian disruption and consequences. The

Economics of Neuroscience 3(9):1-7, 2001.

Rogers, N. L., M. P. Szuba, J. P. Staab, D. L. Evans, and D. F. Dinges. Neuroimmunologic

aspects of sleep and sleep loss. Semin Clin Neuropsychiatry 6(4):295-307, October 2001.

Rubin, C. T., G. Xu, and S. Judex. The anabolic activity of bone tissue, suppressed by disuse, is

normalized by brief exposure to extremely low magnitude mechanical stimuli. FASEB J

15:2225-2229, 2001

Shearer, W. T., D. J. Lugg, H. M. Rosenblatt, P. M. Nickolls, R. M. Sharp, J. M. Reuben, and H.

D. Ochs. Antibody responses to phiX-174 in human subjects exposed to the Antarctic winter-

over model of spaceflight. JAllergv Clin Immunol 107:160-164, 2001.

Shearer, W. T., J. M. Reuben, J. M. Mullington, N. J. Price, B-N Lee, E. O. Smith, H. P. A. Van

Dongen, M. P. Szuba, and D. F. Dinges. Soluble TNF-alpha receptor 1 and IL-6 plasma levels in

humans subjected to the sleep deprivation model of spaceflight. J AllerKv Clin Immunol

107:165-170, 2001.

Shearer, W. T. Contamination of the spacecraft environment: immunologic consequences.

Gravit Space Biol Bull 14:7-14, 2001.

Shearer, W. T., B. N. Lee, S. G. Cron, H. M. Rosenblatt, E. O. Smith, D. J. Lugg, P. M. Nickolls,

R. M. Sharp, K. Rollings, and J. M. Reuben. Suppression of human anti-inflammatory plasma

cytokines IL-10 and IL1-RA with elevation of proinflammatory cytokine IFN-y during the

isolation of the Antarctic winter. J Allergy Clin lmmunol, (109):854-857, May 2002.

Strangman, G., D. A. Boas, and J. P. Sutton. Noninvasive brain imaging using near infrared

light. Biol Psychiatry 52:679-693, 2002.

Strangman, G., J. C. Culver, J. H. Thompson. and D. A. Boas. A quantitative comparison of

simultaneous BOLD fMRI and NIRS recordings during functional brain activation. Neurolmage

17:719-731, 2002.

Tosini G., and C. Fukuhara. The mammalian retina as a clock. ('ell and Tissue Res. 309:119-

126, 2002.

Vilchez, R. A., J. A. Lednicky, S. J. Halvorson. Z. S. White. C. A. Kozinetz, and J. S. Butel.

Detection of polyomavirus SV40 tumor antigen DNA in AIDS-related svstemic non-Hodgkin's

lymphoma. J Acquir lmmune Defic Syndr 29(2): 109-116, February I, 2002.
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Vilchez, R. A., C. R. Madden, C. A. Kozinetz, S. J. Halvorson, Z. S. White, J. L. Jorgensen, C. J.

Finch, and J. S. Butel. Association between simian virus 40 and non-Hodgkin lymphoma.

Lancet 359(9309):817-823, March 9, 2002.

Wang, Y., D. L. Huso, H. Cahill, D. Ryugo, and J. Nathans. Progressive cerebellar, auditory,

and esophageal dysfunction caused by targeted disruption of the frizzled-4 gene. J Neurosci

21(13):4761-71, 2001.

Wilkerson, M. K., P. N. Colleran, and M. D. Delp. Acute and chronic head-down tail suspension

diminishes cerebral perfusion in rats. Am J Physiol Heart Circ Physiol 282 (1):H328-334,

January 2002.

Wright, Jr., K. P., R. J. Hughes, R. E. Kronauer, D. J. Dijk, and C. A. Czeisler. Intrinsic near-24-

hour pacemaker period determines limits of circadian entrainment to a weak synchronizer in
humans. Proc Natl Acad Sci 98(24):14027-14032, November 20, 2001.

Yoo, J. Y., D. L. Huso, D. Nathans, and S. Desiderio. Specific ablation of Stat3beta distorts the

pattern of Stat3-responsive gene expression and impairs recovery from endotoxic shock. Cell

108(3):331-44, 2002.

Young, L. R., H. Hecht, L. E. Lyne, K. H. Sienko, C. C. Cheung, and J. Kavelaars. Artificial

gravity: head movements during short-radius centrifugation. Acta Astronaut 49(3-10):215-226,

August-November 2001.

Zee, D. S., M. F. Walker, and S. Ramat. The cerebellar contribution to eye movements based

upon lesions: binocular, three-axis control and the translational vestibulo-ocular reflex. Ann NY

Acad Sci 956:178-179, April 2002.

Zhang, Z., R. C. Willson, and G. E. Fox. Identification of characteristic oligonucleotides in the

16S ribosomal RNA sequence dataset. Bioin/ormatics 18(2):244-250, February 2002.

Zhou, W., P. Weldon, B. Tang, and W. M. King. Rapid adaptation of translational vestibulo-

ocular reflex: independence of retinal slip. Ann NYAcad Sci 956:558-560, April 2002.

Zhou, W., P. Weldon, B. Tang, and W. M. King. Rapid adaptation of translational vestibulo-

ocular reflex: time course, consolidation and specificity. Ann NY Acad Sci 956:555-557, April

2002.

Articles (Submitted, In Press, or In Preparation)

Adams, G. R., V. J. Caiozzo, F. Haddad, and K. M. Baldwin. Cellular and molecular responses

to increased skeletal muscle loading after irradiation. Am .l Phvsiol (,'ell Physiol. 2002, in press.

Allen, M. R., and S. A. Bloomfield. Hindlimb unloading has a greater effect on cortical

compared to cancellous bone in mature female rats..l Appl Phvsiol, 2002, in press.



Allen M. R., J. L. Stafinsky, C. Nolan, H. A. Hogan, S. A. Bloomfield, and C. L. Smith.

Raloxifene attenuates bone loss in mechanically unloaded, ovariectomized female rats HLS rats,

in preparation.

Aviles, H., T. Belay, K. Fountain, M. Vance, and G. Sonnenfeld. Increase susceptibility to

Pseudomonas aeruginosa infection under hindlimb unloading conditions, submitted.

Baldwin, K. M., and F. Haddad. Skeletal muscle plasticity: cellular and molecular responses

to altered physical activity paradigms. Am J Phys Med Rehabil, 2002, in press.

Berkowitz, D., L. Marucci, B. Winters, E. Asplund, D. Nyhan, and A. Shoukas. Impaired

vascular reactivity in a rat model of microgravity. JAppl Physiol, in review.

Brooks-Asplund, E. and A. Shoukas. Baroreceptor contribution to the cardiovascular reflex

responses of phenylephrine and sodium nitroprusside in the conscious rat. Am J PhysioL in
review.

Brooks-Asplund, E. M., D. E. Berkowitz, S. L. Dunbar.

unweighting attenuates cardiac output and stroke volume

rodents. Am J Physiol, in review.

and A. A. Shoukas. Hindlimb

responses to upright tilt in male

Carter, J. R., C. A. Ray, and W. H. Cooke. Vestibulosympathetic reflex during mental stress.

J Appl Physiol, in press.

Carter, J. R., C. L. Sauder, and C. A. Ray. Effect of morphine on sympathetic nerve activity in

humans. JAppl Physiol, in press.

Cassone, V. M., and F. K. Stephan. Central and peripheral regulation of feeding and nutrition by

the mammalian circadian clock: implications for nutrition during manned space flight. Nutrition.

in press.

Dai, M., T. Raphan, and B. Cohen. Adaptation to roll-tilts during constant rotation, in

preparation.

Davidson, A. J., A. S. Poole, S. Yamazaki, and M. Menaker. Food-anticipatory activity and

circadian rhythms of Perl-luciferase activity in the rat digestive system, in preparation.

Davies, P. F. Multiple signaling pathways in flow mediated endothelial mechanotransduction:

PYK-ing the right location. Arter Thromh l'asc Biol, 2002, in press.

DeWalt, B., J. C. Murphy, G. E. Fox, and R. C. Willson. Compaction agent clarification of

microbial lysates. Protein Expr Puri/, 2002. in press.

Dicello, J. F. How do we get from cell and animal data to risks for humans from space

radiations? .I Radiat Res, 2002, in press.



Dinges, D. F., H. P. A. Van Dongen, et al. Cumulative sleep loss in space flight:
neurobehavioralconsequencesandcountermeasures.Acta Astronaut, 2001, submitted.

Dornhoffer, J. L., N. Mamiya, P. Bray, R. D. Skinner, and E. Garcia-Rill.

sleep state-dependent midlatency auditory evoked P50 potential in human.

submitted.

Effects of rotaton on

Exp Brain Res, 2002,

Eatman, D., R. A. Listhrop, A. S. Beasley, R. R. Socci, I. Abukhalaf, and M. A. Bayorh.

Influences of prostanoids and nitric oxide on post-suspension hypotension in female sprague-

dawley rats. Prostaglandins Leukot Essent Fatty Acid_, in press.

Ferrando, A. A., D. Paddon-Jones, and R. R. Wolfe. Alterations in protein metabolism during

space flight and inactivity. Nutrition, 2002, in press.

Fukuhara, C., J. C. Dirden, and G. Tosini. Regulation of period 1 expression in the rat pineal.

J Appl Physiol, 2001, submitted.

Gazendam, J. A. C., N. S. Freedman, H. P. A. Van Dongen, D. F. Dinges, A. I. Pack, and R. J.

Schwab. Light-dark patterns in the intensive care unit. Aviation, Space, and Environmental

Medicine, in press.

Glickman, G., J. Hanifin, M, D. Rollag, J. Wang, H. Cooper, and G. C. Brainard. Inferior retinal

light exposure is more effective than superior retinal exposure in suppressing melatonin in

humans. J Biol Rhythms, 2002, in press.

Hatakana, T., K. P. McKeown, and A. A. Shoukas. Effects of pulsatile flow on extravascular

fluid uptake during cardiopulmonary bypass. ,! Thorac Cardiovasc Surg, in review.

Hegemann, S.. V. Patel, M. Shelhamer, P. D. Kramer, and D. S. Zee. Adaptation of the phase of
the human linear vestibulo-ocular reflex (LVOR) and effects on the oculomotor neural

integrator. J I_2,stih Res, in press.

Hochstadt, J., H. Nakano, P. Lieberman, and J. Friedman. The roles of verbal working memory

and sequencing in sentence comprehension deficits in Parkinson's disease, submitted.

ttong, M. Y., R. S. Chapkin, R. Barhoumi, R. C. Burghardt, N. D. Turner, C. E. Henderson, L.
M. Sanders, Y. Y. Fan, L. A. Davidson, M. E. Murphy, C. M. Spinka, R. J. Carroll, and J. R.

Lupton. Fish oil increases mitochondrial phospholipid unsaturation, upregulating reactive

oxygen species and apoptosis in rat colonocytes. Carcinogenesis, 2002, submitted.

Imai, T., S. T. Moore, T. Raphan, and B. Cohen. Interaction of the body, head and eyes during

walking and turning. Exp Brain Res. 2001, submitted.

Jagoe, R. T.. S. H. Lecker, M. Gomes, and A. L. Goldberg. Patterns of gene expression in

atrophying skeletal muscles: response to food deprivation. FASEB J. 2002, in press.
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Jung,A. S.,D. E. Berkowitz,E.M. Brooks-Asplund,andA. A. Shoukas.Attenuatedbaroreflex
responsesin a mousemodelof microgravity. Am J Physiol, in final review.

Kim, S. Y., D. E. Berkowitz, R. Jhaveri, A. Shoukas, and D. Nyhan. Differential influence of

pulmonary vasoconstrictors on milrinone induced vasorelaxation, in preparation.

Kourentzi, K. D., G. E. Fox, and R. C. Willson. Rapid identification of microorganisms using 5S

rRNA specific molecular beacons. Curr Microbiol, 2001, in press.

Kraft, N. O., et al. Physiological changes, sleep, and morning mood in an isolated environment.

Aviat Space Environ Med, 2002, in press.

Kraft, N. O., T. J. Lyons, et al. Catecholamine and psychological stress during long-duration
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National Space Biomedical Research Institute

Joint MIHCS/NSBRI Multispecialty Medical Operational Support Team

(MOST) for Development and Testing of a Space-Adapted Human Patient

Simulator (HPS)

1.0 Purpose

This proposal is being submitted by the NSBRI to NASA in response to a new
initiative to link NSBRI research and expertise with NASA Space Medicine

personnel and resources at Johnson Space Center (JSC). The goal of the initiative
is to address near- and intermediate-term operational needs, requirements, and

chall.enges with the objective of improving the delivery of quality clinical care in-

flight.

The project will combine new high-fidelity patient simulators with clinical

practices and bioinstrumentation validated in medical settings, state-of-the-art
information sciences and telecommunications (e.g. telemedicine), promising

medical coaching and mentoring techniques, and appropriate emerging

technology to develop and certi_' an integrated space medical system.

The objectives of the current project are:
1. To establish a multidisciplinary working team, known as the Medical

Operational Support Team (MOST), comprised jointly from experts
from the NSBRI and Medical Informatics and Health Care Systems

(MIHCS) Office from JSC Space Medicine.

2. To assist in the development of a space-adapted human physiological

model, as well as the creation of at least five clinical scenarios

relevant to the space flight environment

3. To develop at least five diagnostic and/or treatment algorithms for the

on-orbit care of the clinical scenarios

4. To assist in the development of training curricula for the in-flight care

plans

5. To assist in the development of functional requirements for medical

devices

2.0 Background and Scope

The JSC Space and Life Sciences Directorate is responsible for ensuring the

health and well being of the space flight crews involved in manned missions.

Towards this end, it is important to utilize enabling technologies to develop, test,

and implement medical procedures, evaluate clinical equipment, assess

physiological adaptation to microgravity, and improve crew and flight surgeon

training to diagnose and manage in-flight medical contingencies.
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Recognizing the usefulness of HPS systems for training medical skills
terrestrially, JSC acquired a HPS from Medical EducationTechnologies,Inc
(METI) for use in enhancingskill sets, knowledge,and judgment relevant for
spacemedicine.The MIHCS administratorfor the HPSproject is JamesLogan,
MD. Dr. Logan's teamis engagedin work to ensurethatsimulationsperformed
on theJSCHPSinterfacewith NASA medicaloperations.

An opportunityexiststo advancetheuseof HPStechnologyat JSCby involving
individuals with extensive experience in terrestrial HPS development and
applications. The outcomeof an expandedeffort would be to developand test,
through hardware and software modifications, patient validation of selected
scenarios,andinterfacingwith datamanagement,themostsophisticatedphysical
modelof a spaceadaptedhuman.

To this end, JSC hasapproachedthe NSBRI to identify and supporta leading
HPS expert to coordinatethe MOST and to engagewith JSC personnelthat
addressesthehigh priority medicaloperationalneedsassetforth byNASA.

Deliverables

I. Establish MOST.

2. Develop, evaluate, and validate a minimum of five evidence-based treatment

guidelines for the clinical scenarios. Deliverables will be in the form of an

evidence-based treatment protocol, the final format will be a demonstration on

video as well as a written report.

3. Summary analyses of the consumables utilized, discrepancies with the ISS Crew

Health Care System (CheCS), and discrepancies with the current training flow'

will be specifically identified.
4. Evaluate current ISS CHeCS resources in the context of in-flight medical

contingencies and assist MIHCS in the identification and evaluation of emerging
medical devices. Each MOST/NSBRI member will evaluate a minimum of one

medical resource over the two-year project. Deliverables will be in the form of a

White Paper for each diagnostic or therapeutic resource evaluated. Reports may

be co-authored with MIHCS personnel and will contain functional requirements

(with the corresponding rationale(s) for each), a summary of the applicable
medical conditions for which the resource would be useful, literature survey (if

applicable), market survey (if applicable), evaluation pr0cedure(s), relevant data,

resource strengths and weaknesses, and final recommendations.

5. Adapt the clinical scenarios for training purposes, suitable for on-orbit CMO's

(both physician-astronauts and non-physicians), ground-based flight surgeons.

biomedical engineers, mission control teams, and international partners.

Deliverables will be in the form of a JSK-based (Judgment, Skill Sets,

Knowledge) annotated "script", making use of both the HPS scenario and the

appropriate treatment pathway. A report will be written describing recommended

requirements for medical certification and re-certification criteria for ground-



basedandin-flight careproviders. An evidence-basedrationalewill beassociated
with eachrequirement.

6. Assist in the establishmentof the high fidelity medicalsimulationenvironment.
Deliverableswill includeparticipationin at leastthreesimulationsoverthecourse
of thetwo yearproject.

7. Provideasneededessentialexpertiseandongoingguidanceto theBioastronautics
programasspecialtyclinical subjectmatterexperts(SMEs).

8. A quarterlyprogressreportwill beprovidedby theMOSTP1.

4.0 Current Project Plan

This project will be conducted over a two-year period and is divided into three

phases. The preponderance of work will be performed on-site at JSC.

Phase ! - MOST Formation (months 0-2)

The first phase will be to establish a multidisciplinary working team, known as

the MOST, comprised of physicians who will assist to define, develop, and

evaluate a concept of operations (CONOPS) for medical care aboard the ISS, as

well as to verify an associated enterprise-wide system design for remote care

aboard anticipated space vehicles in the 2002-2012 timeframe.

An integrated team will be established under the direction of Harold Doerr, MD.

who will act as the principal investigator (PI). Dr. Doerr will coordinate his

activities with Dr. Logan and Craig Fischer, MD, head of Space Medicine at JSC.

and with Jeffrey Sutton, MD, PhD, Director of the NSBRI. Dr. Doerr is Director
of the Houston Center for Advanced Patient Simulation and is an Assistant

Professor of Anesthesiology at Baylor College of Medicine.

In addition to Dr. Doerr, MOST/NSBRI physicians will include two practicing

clinicians in the following fields: emergency medicine and internal

medicine/family medicine. David Persse, MD, is the medical director of the

Emergency Medical Services for the City of Houston and Assistant Professor of

Emergency Medicine at Baylor College of Medicine. A clinical research assistant

and clinical protocol developer will also be funded through the project; their tasks

will include literature search and review, minor information technology support,

editing of reports, guideline review and developmenk and assistance in the

creation of presentations and other documents. MOST/JSC personnel will include

Dr. Norman McSwain, Dr. Douglas Hamilton, Dr. Victor Hurst, and Dr. Kira

Bacal.

MOST/JSC personnel will provide to MOST/NSBRI physicians training in the

unique operational environment of space medicine (spacecraft and ground

segments), so that they may become familiar with its capabilities and constraints.
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Active MOST/NSBRI physicians will also serve as SMEs in the event of an in-

flight contingency.

Dr. Doerr and the MOST will work with JSC Space Medicine to determine the

operational needs and requirements relevant for HPS development. They will also

work with Dr. Sutton to engage NSBRI experts and other resources that will

bridge the NSBRI and Space Medicine communities to advance the HPS project.

When appropriate, MOST will host short, focused meetings, at which national

experts are invited to discuss clinical issues identified by MOST project

personnel.

Phase 2 - Development of Space-Adapted HPS and Evaluation of Clinical

Protocols (months 2-20)

MOST members will assist MIHCS in the continuing development of space-

adapted normal physiological models. During this period, MOST members will

also assist MIHCS in the development of at least five specific clinical scenarios

for use with the HPS; these scenarios will be based upon anticipated in-flight

medical contingencies as listed in the MIHCS Patient Condition Database. Best

case, typical case, and worst-case clinical trajectories will be identified using the
terrestrial case literature. Potential scenarios might include: crush trauma,

inhalational bum, anaphylaxis, severe decompression sickness (DCS), myocardial

infarction, eye injury, impacted renal stone, severe abdominal pain, hypovolemic

shock, respiratory distress, or head injury. Deliverables will be in the form of a

HPS scenario "script". along with applicable documentation.

When the space-adapted HPS models and clinical scenarios are ready, MOST

members will assist in developing, evaluating, documenting, and baselining

specific, evidence-based diagnostic and treatment algorithms developed by

MIHCS, other SME's, and relevant Working Groups (chartered by the Space &

Life Sciences Directorate) for anticipated in-flight medical contingencies.

Practice guidelines will be correlated with in-flight medical resources ISS CHeCS

via the existing MIHCS Patient Condition Database. The chain o[care from

space to earth and associated concept(s) of operations will also be examined in
detail. The HPS and its clinical scenarios will be used as a test bed for the

efficacy of these algorithms when used by the non-physician space care provider

Through the development of these clinical algorithms, MOST members will

identify the skill sets and training curriculum for physician and in-flight care

providers based on the JSK Model. The effort will utilize the tIPS to examine in-

flight advanced life support capabilities as well as to develop certification

standards for ground-based (flight surgeon, biomedical engineer) and in-flight

care providers (physician and non-physician) and guidelines for skill

maintenance.

Phase 3 - Establishment of Functional Requirements for Medical Devices

(months 10-24)
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In concert with the scenario development, MOST members will also assist

MIHCS personnel in the establishment of functional requirements for all medical

devices and resources needed to support advanced medical care in space. These

requirements will be used to identify and evaluate candidate medical systems,

which can subsequently be tested during scenarios on the HPS.

Budget

The budget is divided into two parts - a Baylor College of Medicine portion and a

NASA JSC portion.

In year 1, NSBRI costs include: support for the PI, a full time technician, NSBRI

expert participation, purchase of portable equipment for MOST members and

modest infrastructure support. A fringe benefit rate of 22% is applied. An off-

campus BCM indirect cost rate of 28% is assessed. The total NSBRI costs are
$289,550.

In year 1, NASA JSC costs include equipment (portable advanced computer and

display system), compressed gas and subcontract support from Wyle Life

Sciences totaling $46,300. An indirect cost rate of 10% is applied to non-

equipment costs.

Baylor Activities Year 1 Year 2 Total
Personnel $153,720 $153.720 $307,440

Consultants $37,500 $37.500 $75,000

Equipment $11,700 $0 $11,700

Supplies $1.000 $1.000 $2.000
Travel $23,850 $23.850 $47,700

Other $1,000 $_.LO00 $2.000
SUBTOTAL $228,770 $217.070 $445.840

Indirect $60,780 $60.780 $121,560

TOTAL Baylor $289,550 $277,850 $567,400

NASA Activities Year 1 Year 2 Total

Subcontracts $30,000 $30,000 $60.000

Equipment $10,000 $0 $10,000

Supplies $3,000 $3.000 $6,000
SUBTOTAL $43,000 $33.000 $76,000

Indirect $3,300 $3,300 $6,600

TOTAL NASA $46,300 $36,300 $82,600

TOTAL MOST $335,850 $314,150 $650,000
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NIDCD-NSBRI JOINT PROGRAM FOR THE SUPPORT OF

VESTIBULAR RESEARCH

MANAGEMENT OF ADAPTATION TO ALTERED SENSORIMOTOR STATES

PI: Helen Cohen, Ed.D., Baylor College of Medicine:

Co-I: Jacob Bloomberg, Ph.D., NASA JSC

DECODING OF GRAVICEPTOR CUES, INCLUDING ADAPTIVE CHANGES

PI: Daniel Merfeld, Ph.D., Harvard University

Co-Is: Conrad Wall, Ph.D.

Lionel Zupan, Ph.D.
Robert Peterka, Ph.D., Oregon Health Sciences U.

Mark Shelhamer, D.Sc., Johns Hopkins Univ.

VESTIBULAR AND VISUAL CONTROL OF EYE MOVEMENT

PI: Jennifer Raymond, Ph.D., Stanford University

SIGNAL PROCESSING AND ADAPTATION IN CENTRAL OTOLITH PATHWAYS

PI: W. Michael King, Ph.D., Univ. of Mississippi Medical Center

Co-I: Wu Zhou, Ph.D.

PLASTICITY IN THE VESTIBULOOCULAR REFLEXES AND PERCEPTION

PI: Scott Seidman, Ph.D., University of Rochester

Co-I: Gary Paige, M.D., Ph.D.

NEURAL MECHANISMS OF VESTIBULAR ADAPTATION

PI: Dora Angelaki, Ph.D., Wash. Univ. School of Medicine
Co-I: J. David Dickman, Ph.D.
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NASA Research Announcement

Summary and Supplemental Information

Multiple Opportunities for Ground-Based Research

in Space Life Sciences
NRA 01-OBPR-07

lg

o

3.

Biomedical Research & Countermeasures Program and

Advanced Human Support Technology Program
(Space Human Factors Engineering element)

National Space Biomedical Research Institute
Countermeasure Evaluation and Validation Project

This National Aeronautics and Space Administration (NASA) Research Announcement (NRA)

solicits proposals for ground-based research in Space Life Sciences through three distinct

opportunities. Applicants must: 1) determine which opportunity is best suited for their research

project, 2) clearly identify which one of the three opportunities they are applying to (do not

submit the same research proposal to more than one opportunity), and 3) follow the specific

application procedures for the selected opportunity by referring to the appropriate Appendix.

The following guidance should be used in determining the appropriate opportunity:

° Investigators submitting individual, independent projects to the Biomedical Research &
Countermeasures (BR&C) Program or the Space Human Factors Engineering (SHFE)
element of the Advanced Human Support Technology (AHST) Program should refer to

Appendix B;

2. Investigators who wish to become members of an existing team of NASA's National

Space Biomedical Research Institute (NSBRI) should refer to Appendix C; and

° Investigators who wish to propose testing a proven biomedical countermeasure for use on

the International Space Station using a bed rest microgravity model through the NASA

Johnson Space Center (JSC) Countermeasure Evaluation and Validation Program (CEVP)

should refer to Appendix D.

Applicants are encouraged to refer to Figure 1 on page A-4 of this NRA to help determine what
Countermeasure Readiness Level (CRL) their project addresses.

NASA investigators use the space environment to increase knowledge of biological and medical

processes, to provide the biomedical foundation in support of the International Space Station and

exploration beyond low Earth orbit, and to enrich life on Earth through the transfer of new space

technology, medicine, and fundamental knowledge. This research supports NASA's mission

through the Office of Biological and Physical Research (OBPR). All respondents to this NRA
are strongly encouraged to promote general scientific literacy and public understanding of life

sciences, the space environment, and the OBPR programs through tbrmal and intbrmal education



opportunities. Whereappropriate,supportedinvestigatorswill be requiredto produce, in

collaboration with NASA, a plan for communicating their work to the public.

In this NRA

• Appendix A provides an introduction and overview to the goals, objectives and

implementation strategies of the OBPR.

• Appendices B, C, and D contain descriptions of the three opportunities, instructions for
submitting a notice of intent (NO1) to submit a proposal, and instructions for proposal

submission.

• Appendix E contains the "Instructions for Responding to NASA Research NRAs for

Solicited Research Proposals."

Proposals submitted in response to this NRA must address the research emphases described in "
this announcement. Those that do not will be returned. This NRA does not solicit flight

research. Other NRAs calling for focused research or utilization of unique resources may be

issued throughout the year.

Proposals selected by NASA will be funded as grants incrementally for activities lasting up to

four years, pending satisfactory progress. Proposals selected by the NSBRI will be funded as

subawards by the NSBRI for activities lasting up to four years. The funding duration will

depend on proposal requirements, review panel recommendations, and continuing progress of the

activity. All proposals will be evaluated for overall scientific and technical merit by independent

peer review panels. Relevance to NASA's programmatic needs and goals will be evaluated by
NASA. Relevance to NSBRI's programmatic needs and goals will be evaluated separately by
the NSBRI. Final selection will be coordinated between the Bioastronautics Research Division

at NASA Headquarters and the NSBRI to ensure programmatic balance and elimination of

duplicate efforts. Funds are not currently available for awards under this NRA. The

government's obligation to make award(s) is contingent upon the availability of appropriated

funds from which payment can be made and the receipt of proposals that the government

determines are acceptable for award under this NRA. The total annual cost for ground research
cannot exceed $400,000. Costs in excess of this limit will require strong and extensive

justification. NASA and the NSBR1 do not provide separate funding for direct and indirect
costs; thus, the amount of the award requested is the total of all costs submitted in the proposed

budget. It is planned for selections to be announced by June 30, 2002, and awarded shortly
thereafter.

Inclusion of Women and Minorities in Research Involving Human Subiects - NASA and the

NSBRI have adopted the NIH policy regarding this matter. Women and members of minority
groups and their subpopulations must be included in NASA-supported biomedical and
behavioral research projects involving human subjects, unless a clear and compelling rationale

and justification is provided that inclusion is inappropriate with respect to the health of the
subjects or the purpose of the research.

Participation in this NRA is open to all categories of United States (U.S.) organizations, industry,

educational institutions, other nonprofit organizations, NASA laboratories, and other agencies of

the U.S. government. In order to be reviewed, individual ground-based proposals responding



accordingto theinstructionsin AppendixB mustbe fromU.S.entitiesor fromnon-U.S,entities
thatinvolvesubstantiveco-investigatorcollaborationfromanU.S.entity. NASAwill not fund
non-U.S,entities. The NSBRI acceptsandreviewsproposalsfrom foreignapplicants,but
potentialforeignapplicantsshouldnotethat,normally,thecountryof origin,not theNSBRI,
mustfundprojectsfrom non-U.S,organizations.CEVPproposalssubmittedfrom international
memberstatesof theInternationalSpaceLifeSciencesWorkingGroupwill bereviewed,but the
proposalmustbeapprovedfor fundingbythespaceagencyof themembercountry.

A noticeof intent(NOI) to proposeis requestedby November30,2001. Proposalsmustbe
submittedby January31, 2002,5:00PM EasternTime.(seeAppendicesB, C, andD of this
NRAfor specificinstructionsfor theseactivities.

Thefollowingitemsapplyonlyto thisNRA:

SolicitationNRAIdentifier:
Numberof CopiesRequired:

Noticesof IntentDue:
ProposalsDue:
SelectionAnnouncement:
FundingBegins:

NRA01-OBPR-07
Original+ 20copiesforthenon-NSBRI
submissions;Electronicproposalsfor the
NSBRIsubmissions
November30,2001
January31,2002
June30,2002
Approximately30-90daysfollowing
notificationof selection

SelectingOfficials: ForIndividualBR&C, AHST, and CEVP

proposals: Director, Bioastronautics
Research Division, Office of Biological and

Physical Research, NASA Headquarters

For NSBRI proposals: Director, National

Space Biomedical Research Institute

Additional information about the BR&C, AHST, and CEVP Programs is available from

David L. Tomko, Ph.D.

NASA Headquarters, Code UB

Washington, DC 20546-0001

Telephone: 202-358-2211
Fax: 202-358-4168

Email: dtomko@hq.nasa.gov

Information about the NSBR! is available from

Ronald J. White, Ph.D

National Space Biomedical Research Institute
One Baylor Plaza, NA-425
Houston, TX 77030-3498



Telephone:713-798-7412
Fax: 713-798-7413
Email: rwhite@bcm.tmc.edu

GrantsOfficepointsof contactwill be identifiedin selectionletters.TheNRAwill beupdated
andissuedannuallyandis NASA'sprimarymeansof obtainingresearchproposalsfromthelife
sciencescommunity. This NRA is restricted to the programs named above and described in

detail in the Appendices. Potential investigators should read with care the program descriptions
that are of interest, and focus their proposals on the specific research emphases defined in this

NRA.

Your interest and cooperation in participating in this effort is appreciated.

Original Signed by

Kathie L. Olsen, Ph.D.

Acting Associate Administrator

Office for Biological and Physical Research



APPENDIX A

NRA 01-OBPR-07

Background Information

Multiple Opportunities for Ground-Based Research

in Space Life Sciences

I. Introduction

This NASA Research Announcement (NRA) is a consolidated NASA solicitation for research

proposals in support of the NASA Office of Biological and Physical Research (OBPR) goals and

objectives. Research is solicited for conduct by the Biomedical Research & Countermeasures

(BR&C) Program, the Space Human Factors Engineering (SHFE) element of the Advanced

Human Support Technology (AHST) Program, the National Space Biomedical Research Institute
(NSBRI), and the Countermeasure Evaluation and Validation (CEVP) Project at the NASA

Johnson Space Center.

The major goals of NASA's Office of Biological and Physical Research are to

• enable exploration by conducting research to enable safe and productive human

habitation of space;

• use the space environment as a laboratory to test the fundamental principles of physics,

chemistry, and biology;

• enable and promote commercial research in space; and

• use space research opportunities to improve academic achievement and the quality of life.

The BR&C Program is responsible for research to develop practical health-related methods tot

the prevention, diagnosis, treatment, and/or rehabilitation of space crews who live and work in

microgravity.

The SHFE element within the AHST Program has the mission of creating and maintaining a safe

and productive environment for humans in space. With space missions absorbing new
technologies at an ever-increasing rate, it is imperative that planners insure that these advances

will enhance crew performance without increasing stress or risk. The SHFE element is an

interdisciplinary effort covering all aspects and facets of the general discipline of human factors

engineering and sharing selected aspects of the behavior and performance discipline of the
BR&C Program. The SHFE element encompasses a broad range of activities from basic

research to development of state-of-the-art tools for measuring human performance, to applying

those tools to solve operational human/system interface issues in human space flight programs.

Development of new technologies and conceptual designs for flight crew accommodations

needed for human missions beyond low earth orbit is also considered the responsibility of the
SHFE element.
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TheNSBRIisa NASA-initiatedand-fundedprivate,non-profitresearchconsortiumchargedby
NASA with developingbiomedicalcountermeasuresfor potentialhealthproblemsthat could
occurin astronautseitherduring long-durationspaceflight or on their returnto Earth. The
NSBRI's currentprogramconsistsof nearly90 researchand technologyprojectsin twelve
researchareas.

The goalof theCEVPis to systematicallyand scientificallyevaluateandvalidateterrestrial
provenbiomedicalcandidatecountermeasuresfor spaceflight usethat havereacheda high
degreeof maturity. Candidatecountermeasureswill first be evaluatedexperimentallyusing
ground-basedanalogsof spaceflight. A candidatecountermeasure'stargetedeffectswill be
assessed,its sideeffectsdefined,and its interactionswith othercountermeasuresidentified.
Afterevaluation,acandidatecountermeasuremaybevalidatedin systematicexperimentsduring
actualspaceflight to assessthosesamefactors. The CEVP functions using a team approach, in

which the investigator becomes a member of a team that integrates space medicine and space

research expertise resident inside and outside of the Agency. This team is coordinated by the

NASA Johnson Space Center (JSC). The CEVP is the final step in a process in which ideas and

concepts emerging from basic research are developed into operational countermeasures that are

turned over by researchers to be implemented as part of NASA's mission operations.

The BR&C Program, the NSBRI, the SHFE element of the AHST Program, and the CEVP share
scientific and educational goals to fund research that will result in the delivery of health-related
countermeasures for astronauts. NASA is committed to maintaining a strong, openly

competitive, peer-reviewed research program. Opportunities for investigators that are covered
by this NRA include individual investigator awards (directly through BR&C & AHST

Programs), participation in focussed discipline team research (NSBRI), and systematic

experiments to evaluate and validate potential countermeasures (CEVP). Investigators should

apply through whichever of these mechanisms is most suitable to enable them to conduct

research in support of NASA's OBPR Programs. It is critical for investigators to read carefully

al_.llof the instructions in this NRA. All proposals will undergo peer-review using the same

processes and procedures, but procedures and fi_rms for proposal submission differ for the

different programs and elements, and the eventual funding of selected proposals will differ for
the different types of awards. Programmatic balance is maintained by the selecting official(s)

for the program.

The research programs described in this NRA support the utilization of specialized NASA

ground-based facilities and the development of special technologies required in the pursuit of its
research goals. Investigators can access NASA specialized ground-based facilities for their

research. Please refer to the Space L!fe Sciences Ground Facilities ln/brmation Package for

instructions on how to incorporate the use of these facilities into a proposal:

http://research.hq.nasa.gov/code u nra/current/NRA-01-OBPR-07/index.html

This and the following Appendices define the research program and elements encompassed by

this NRA, describe the specific areas of ground-based research that proposals should address,

and describe the specific emphases that arc acceptable for submission in response to this NRA.

This NRA does not request proposals for flight research. It is important that the prospective

investigator read the relevant section(s) carefully, as many of the programmatic emphases are
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different from thoseappearingin previousNRAs. In addition,each Appendixincludes
guidelines,requirements,andinstructionsfor preparingandsubmittingproposals,anddefines
theadministrativepoliciesgoverningtheprogramsandapplicantsto theparticularcomponent
describedin thisNRA.

II. Critical Path Roadmap

In order to identify and make publicly known the biomedical risks of space flight and the

research questions that must be answered to reduce those risks, NASA has developed the Critical

Path Roadmap (CPR). The CPR is an interdisciplinary tool to assess, understand, mitigate, and

manage the risks associated with long-term exposure to the space environment. It assumes an

overarching strategy that integrates requirements, risks, risk factors, critical questions, tasks,
deliverables, and risk mitigation with the intent of directing biomedical research in support of

human space flight, especially human missions of exploration. Each investigator must
examine and understand the CPR, and specify in their proposal which critical questions

their proposed research will answer.

The CPR is based in part on recommendations from internal NASA experts, NSBRI scientists,

advisory committees, task forces, and published reports such as the National Research Council

(NRC) Space Studies Board's "A Strategy for Research in Space Biology and Medicine in the
New Century," the Aerospace Medical Advisory Committee, the NASA Task Force on

Countermeasures, the International Space Life Sciences Working Groups publications on

Radiation, Bone, Muscle, Cardiovascular, Human Factors, and Neuroscience Workshops; and

the NASA Medical Policy Board Document.

The ultimate goal of the CPR is to protect the health and safety of space flight crews by allowing
NASA and the community of scientists to better define and focus the research that is required for

development and validation of operational health care "deliverables" for the prevention,
treatment and rehabilitation of space flight changes and of appropriate habitation and medical

care systems.

The current CPR is a product that has identified 55 risks and 250 critical questions. A more
extensive overview as well as a list of all the risks and critical questions for the CPR should be

reviewed by potential investigators on the Web site http://criticalpath.jsc.nasa.gov/.

I11. Countermeasure Readiness Levels (CRL)

NASA's Biomedical Research and Countermeasures (BR&C) Program has developed a scale to

allow NASA to define, assess, and quantify the level of "countermeasure readiness." The use of
this scale allows NASA to determine how each funded research project fits into the

countermeasure development "flow" and to monitor progress in countermeasure development.
This section describes this scale and how it is used. Each investigator must examine and

understand the CRL scale and specify in the proposal the CRL that will result from the

funding and conduct of their proposed research. Figure I illustrates the CRL scale, which
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describesthe level of scientific maturity of BR&C research from the fundamental studies that

suggest potential countermeasures to studies that allow the systematic evaluation and validation

of countermeasures ready for operational implementation.
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Figure 1. Countermeasure Readiness Levels
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Countermeasure development usually progresses through systematic research. Research flows

through various levels of counterrn.easure readiness. Figure 2 represents this general progression.

The boundaries between the types of activities are approximate. The CEVP is focused on CRL

levels of 7 and 8 only. CEVP research will systematically evaluate and validate potential

countermeasures that have completed laboratory testing, bridging the gap between research and

space flight operations. A potential countermeasure ready for validation in flight is one that has

a thorough, successful history of ground-based, clinical and/or flight analog testing.
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Figure 2. Countermeasure Development Process
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IV. Review and Selection Process

This appendix supersedes, modifies, or extends the requirements enumerated in Appendix E. All

proposals must comply with the general requirements of the Announcement as described in both

Appendices A and E. Appendices B-D contain specific requirements and explanations for each

opportunity above and beyond NASA-specified requirements. Appendix E outlines the NASA-
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specifiedrequirementsfor proposalsubmissionand shouldbe used for clarification and
reference.Uponreceipt,proposalswill bereviewedfor compliancewith therequirementsof this
Announcement. This includes

1. Submission of complete proposals specified in this Announcement. Proposals must be

responsive to the areas of program element emphasis described in this Announcement
and include a project description that is not more than 20 pages in length.

2. Submission, as specified in the detailed instructions to investigators, of appropriate

Institutional Review Board (IRB) or Animal Care and Use Committee (ACUC)

certification for all proposals using human or animal test subjects.

3. Submission of a budget within the guidelines specified in this Announcement and for a

funding period not exceeding three years in duration.
4. Proposals that are revised versions of proposals previously submitted to NASA must be

clearly.designated as such on the proposal cover page, and must contain an explanation of

how the revised proposal has addressed criticisms from previous NASA review. This

explanation should be presented in a separate section of no more that two pages at the
be_,innin_ of the project description, and is in addition to the 20 pages allowed for the

project description. Related changes to the research plan should be highlighted in the

body of the project description.
5. Submission of all other appropriate forms as required by this NASA Research

Announcement (refer to appropriate Appendix).

Note: Non-compliant proposals may be withdrawn from the review process and

returned to the investigator without further review.

Compliant proposals submitted in response to this Announcement will undergo an intrinsic
scientific or technical merit review. Only those proposals most highly rated in the merit review

process will undergo the additional reviews for program relevance and cost.

Scientific or Technical Merit Review

A merit review of proposals submitted to this NRA will be conducted by panels of scientific or
technical experts. A single set of discipline-specific panels, administered by NASA Peer Review

Services, will evaluate all proposals submitted to this NRA. The number and diversity of experts

required will be determined by the response to this NRA, and by the variety of disciplines

represented in the proposals relevant to the research emphases described in Section 1 of this

Appendix. Merit review panels will score proposaisfrom 0-I00.

The score assigned by each panel will not be affected by the proposed cost of the work nor will

it reflect the programmatic relevance of the proposed work to NASA. However, the panels will

be encouraged to include comments concerning the proposal's budget and relevance to NASA in

the critique of each proposal, after it has been scored.

All of the following will be used in determining the merit score:
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Significance: Doesthisstudyaddressanimportantproblem?If theaimsof theapplication
areachieved,howwill scientificknowledgeor technologybeadvanced?Whatwill be the
effectof thesestudiesontheconcepts,methods,or productsthatdrivethis field?Whatis the
likelihoodthattheproposedresearchwill leadto newcountermeasuresor testsof theutility
of countermeasures?Isthereasignificantsocietalor economicimpact'?

Approach: Are the conceptualframework,design,methods,and analysesadequately
developed,well-integrated,andappropriateto the aimsof the project? Is the proposed
approachlikely to yield the desiredresults? Doesthe applicantacknowledgepotential
problem areas and consideralternativetactics? Are there strong interdisciplinary
components?

Innovation: Doestheprojectemploynovelconcepts,approaches,or methods?Are the
aimsoriginalandinnovative'?Doestheprojectchallengeexistingparadigmsor developnew
methodologiesor technologies?

Investigator: Are thescientistsin theproject,includingcollaborators,suitablytrainedfor
theproposedwork'?Is theworkproposedappropriateto theexperiencelevelof theprincipal
investigatorandotherresearchers(if any)'?Is theevidenceof theinvestigator'sproductivity
satisfactory?

Environment: Doesthc scientificenvironmentin which the work will be performed
contributeto the probabilityof success'?Do theproposedexperimentstakeadvantageof
uniquefeaturesof thescientificenvironmentor employusefulcollaborativearrangements'?
Isthereevidenceof institutionalsupport'?

Evaluation of Programmatic Relevance and Cost

A second review will evaluate the programmatic relevance and cost of all proposed work.

Evaluation of the cost of a proposed effort includes consideration of the realism and

reasonableness of the proposed cost and the relationship of the proposed cost to available funds.

Is the proposal responsive to the needs of NASA or the NSBRI, as expressed in this" NRA?

Programmatic relevance will include an evaluation of how the proposed work may help achieve

an appropriate balance of scientific and technical tasks required by critical research issues fhced.
Evaluation of programmatic relevance will vary according to the specific element of this NRA.

For example, CEVP proposals will be evaluated for operational relevance and feasibility of

implementation.

Development of a Selection Recommendation

A selection recommendation will be developed based on the results of the two levels of review

described above. The most important element in the evaluation process is the merit review.

which carries the highest weight in final evaluation and selection. The other factors are

approximately equal in weight to each other. The development of selection recommendations is

the responsibility of NASA for the individual proposals submitted to the Biomedical Research
and Countermeasures (BR&C) Program and Advanced Human Support Technologies (AtlSTI
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elementsof this NRA and for CEVP proposals. The development of selection recommendations

is the responsibility of the NSBRI for proposals submitted to the NSBRI elements of this NRA.
Selections for funding of individual BR&C, AHST and CEVP proposals will be made by the
Director of the Bioastronautics Research Division, Office of Biological and Physical Research

(OBPR), and selection of NSBRI proposals will be made by the NSBRI management with the

approval of the NSBRI Board of Directors. Final selection will be coordinated between the
Bioastronautics Research Division at NASA Headquarters and the NSBRI to ensure

programmatic balance and elimination of duplicate efforts.

NASA and the NSBRI reserve the right to select and make an award covering only a portion of

an investigator's investigation, in which case the investigator will be given the opportunity to

accept or decline such partial acceptance. In cases in which two or more proposals address

similar problems and/or adopt similar approaches, NASA or the NSBRI may desire joint

participation on the part of two or more investigators in a single project. Any negotiations prior
to final decisions will occur only after the peer review of proposals has been completed. The

selection review may also recommend changes in which program should fund a specific proposal

(e.g., a proposal not selected for participation in an existing NSBRI team may be recommended
for selection by the Bioastronautics Research Division or an individual proposal not selected as

an individual proposal and not from a current NSBRI principal investigator may be

recommended as an NSBRI team proposal.) In either case_ acceptance of such a
recommendation shall be at the discretion of the Principal Investigator. If a proposal submitted

to OBPR is found to be more appropriate to satisfy the NSBRI requirements, the Principal

Investigator will be expected to become a full member of the appropriate NSBRI team.

V. Program Reporting

It is expected that results from funded research will be submitted to peer-reviewed journals as the

work is completed. Published papers must acknowledge NASA or NSBRI support. In addition,

investigators whose proposals are selected must also provide annual reports on progress in

achieving the goals of the research project.

Final Report. A final report is required that shall include a summary of completed research and
a record of all scientific communications and peer-reviewed publications to date. This report
must be submitted to the NASA Technical Monitor or to the NSBRI within 60 days after the end

of the grant period.

VI. Support of Education and Outreach

NASA envisions that the selected proposals will be structured and operated in a manner that

supports the country's educational initiatives and goals (including historically black colleges and
universities and other minority universities), and in particular the need to promote scientific and
technical education at all levels. NASA envisions that the selected proposals will support the

goals for public awareness and outreach to the general public (see Appendix B). The selected
investigators are invited to participate in NASA-funded educational programs.
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OBPR Policy for Education (K-12) and Public Outreach

The proposal represents an opportunity for NASA to enhance and broaden the public's
understanding and appreciation of the value of Biomedical Research and Countermeasures in the
context of NASA's mission. Therefore, all investigators are strongly encouraged to promote

general scientific literacy and public understanding of Biomedical Research and
Countermeasures research through formal and/or informal education opportunities. If

appropriate, proposals should include a clear and concise description of the education and
outreach activities proposed. Examples include such items as involvement of students in the

research activities, technology transfer plans, public information programs that will inform the

general public of the benefits being gained from the research, and/or plans for incorporation of
scientific results obtained into educational curricula consistent with educational standards.

Where appropriate, the supported institution will be required to produce, in collaboration with

NASA, a plan for communicating to the public the value and importance of their work.
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APPENDIX B

NRA 01-OBPR-07

Multiple Opportunities for Ground-Based Research
in Space Life Sciences

Technical Description

Opportunity to Submit Individual Investigations for the Biomedical

Research and Countermeasures or Advanced Human Support

Technology Programs

NOTE: This appendix should only be used for scientists interested in conducting an

individual, independent research project.

I. Introduction

The Biomedical Research and Countermeasures (BR&C) Program directly supports NASA's

missions in the Office of Biological and Physical Research and the Human Exploration and

Development of Space Enterprises. It also responds directly to the requirements, approved by
the Office of the Chief Health and Medical Officer, which deal with the health and safety of

human space travel (see Medical Policies and Requirements Document, Bibliographic Reference

#7 of Appendix A).

The goals of this program are to

• develop an understanding of the physiological mechanisms that are responsible for space

flight-related biomedical and behavioral changes in humans in support of countermeasure

development:
• develop countermeasures that allow humans to live and work in microgravity for long

durations, minimize the risks in readapting to gravity, and optimize crew safety, well-being,

and performance; and

• identify, characterize, and mitigate (preventing and reducing) health, environmental, and

other operational human medical risks associated with space exploration.

If. Biomedical Research and Countermeasures (BR&C) Program

Emphases

Elements and Emphases for FY 2002

The emphasis of the current ground-based component of this program is to develop insights into

physiologic changes that are likely to occur as a consequence of extended periods of flight. The

BR&C Program supports basic, applied and clinical research. Researchers may use hypogravity
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simulationmodels(e.g., bedrest,unilaterallower limb suspension,tail suspension,etc.) or
hypergravityproducedby centrifugationfor theirresearchstudies.Experimentsmayusehuman
subjects,animalmodels,or otherappropriatemodelsin the developmentof countermeasures.
The programis composedof five researchelements,eachfocusedon the developmentand
ultimateuseof countermeasuresto thedeleteriouseffectsof spaceflight: 1) Physiology,2)
BehaviorandPerformance,3) EnvironmentalHealth,4) ClinicalResearchin Supportof Space
Missions,and5) RadiationHealth.

Mechanisticresearchis solicitedthat supportsthe developmentof ground-basedbiomedical
countermeasuresto theeffectsof spaceflight. A countermeasureto helpastronautsisanymeans
or proceduralstrategythat preventsor reducesthe negativeeffectsof spaceor aids in the
recoveryuponreturnto Earth. It shouldbenotedthattheastronautcorpsisdiverse,comprised
of menandwomen30-60yearsof ageandof variousethnicbackgrounds.Countermeasures
shouldbe robustenoughto beefficaciousacrossthispopulationandbe tailoredfor individual
specificity.This program encourages integrated approaches that study interactions that

occur between different physiological systems in the design and application of potential

countermeasures. Identifying the effects of experimental interventions on non-target systems as

well as the targeted system is deemed to be of particular importance. Research is also sought to

support the solution to operational and clinical problems. This section describes the elements

and research emphases within the BR&C Program. High priority in FY 2002 will be given in

particular to proposals for research in the areas of Radiation Health and Clinical Studies.

It is expected that the average total annual (direct+indirect) cost of selected proposals will be
between $200,000 and $250,000. In general, the total annual cost of a single proposal may not

exceed $400,000.

I. Physiology

Proposals are requested for ground-based studies that will lead to a better understanding of the
effects of space flight and exposure to microgravity on physiological function. Space physiology
has included l) fluid volume and cardiopulmonary, including cardiovascular alterations: 2)

musculoskeletal, including bone loss and muscle alterations and atrophy; 3) neuroscience,

including vestibular function, circadian rhythms, sensorimotor function, and endocrine control:

4) immunology, infection, and hematology; 5) food, nutrition, and metabolism, and 6) integrative
physiology; as well as 7) advanced technology development within the above elements.

Research proposals in other areas of physiology are also solicited (e.g., renal, endocrine

physiology, etc.). Studies that use integrated approaches are particularly encouraged. Proposals

must represent questions and priorities enumerated in the Critical Path Roadmap at:

http://criticalpath.jsc.nasa.gov.

Contact: Bruce Hather, Ph.D./Bioastronautics Research Division

Telephone: 202-358-1796
Email: bhather@hq.nasa.gov

2. Behavior and Performance
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TheBehaviorandPerformanceelementof theprogramaddressesissuesof 1)perceptionand
cognition,2) humanphysicalperformance,3) personal,interpersonal,andgroupdynamics
(coping, responseto stress,etc.); 4) habitability,and 5) sleepand circadianrhythms.
Physiologicalstudiesshouldbe directedtowardunderstandingthe effectsof responsesto
spaceflightonbehaviorandperformancemeasures.

This elementsupportsexperimentsdesignedto understandthe mechanismsby which
microgravity,confinement,cumulativesleeploss,missiondesignand events,spacecraft
environment,andnoiseandlight affectthe behaviorandperformanceof flight crewsand
ground-supportcrews. It alsoaddressespsychosocial,gender,andcross-culturalaspectsof
humanmissionsin space.Studiesof relationshipsbetweenindividualsandindividualsin
groupsarealsoaddressed.Existingdatabasesandgroundsimulationsin extremeandisolated
analogsandtestbedsmaybeusedto extrapolateto responsesthatmightbeexpectedin long-
durationspaceflight. Behaviorandperformanceresearchprioritiesfor ground-basedstudies
include

a. Psychological Research

Research is solicited on: the development and validation of predictive tools for the

assessment of psychological well-being, cognitive processing, mood, and emotion:

especially as those are affected by multicultural and gender variables in long-duration

space missions.

b. Psychiatric Issues

Research is required to detect and treat behavioral disorders that might occur in locations
remote from usual health care facilities, e.g., during long-duration space flight.

Proposals must represent questions and priorities enumerated in the Critical Path Roadmap

at: http://criticatpath.jsc.nasa.gov. For a broad, detailed listing of NASA Life Sciences
Behavior and Performance research priorities, the Countermeasures Task Force Report on
Behavior and Performance can be obtained online at

http://re searc h.hq.nasa, gov/code_u/code_u.c fm

Contact: David L. Tomko, Ph.D/Bioastronautics Research Division

Telephone: 2 02-358-221 I
Email: dtomko@hq.nasa.gov

3. Environmental Health Research

Research within the Environmental Health element includes three interrelated disciplines,

each dealing with a specific aspect of the spacecraft environment - Barophysiology,

Microbiology, and Toxicology. The Environmental Health element has established the

following goals: (i) to understand the effects of the spacecraft environments on humans and

other organisms; and (2) to develop standards and countermeasures, where necessary, to

optimize crew health, safety, and productivity.
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For FY 2002, proposals are particularly sought for ground studies to determine the effects of

potential toxins found on the International Space Station on human health. Since the work

and living environment of the space flight crew is one and the same, the individual may be

exposed to these potential toxins for extended times as compared to limited work hours here
on Earth. Additionally, proposed studies that evaluate the added risk of several potential

toxins with space radiation are encouraged. Proposals must represent questions and priorities
enumerated in the Critical Path Roadmap at: http://criticalpath.jsc.nasa.gov.

Contact: Bette Siegel, Ph.D./Bioastronautics Research Division

Telephone: 202-358-2245
Email: bsiegel@hq.nasa.gov

Clinical Research in Support of Space Missions (Medicine in Extreme

Environments)

The Clinical Research in Support of Space Missions element of the program will focus on

the development of medical knowledge and technologies required to maintain human health

and performance in space and on return to Earth. Medical knowledge must be expanded so
that the practice of Space Medicine in the microgravity environment can be evidence based.

Medical and surgical procedures and treatment and imaging systems are required to diagnose
and treat illnesses and injuries that may occur in space. The Clinical Research in Support of

Space Missions element of the program will support research required to improve, or answer

specific questions about in-flight diagnosis, therapy, and postflight rehabilitation.

a. Diagnosis

Ground-based research analogs for space flight research are required to complete the

understanding of the patho-physiology, diagnosis and therapeutic modalities required for

implementation of an evidence-based practice of Space Medicine. Proposals for the

development of non-invasive diagnostic tests and autonomous and semi-autonomous

patient monitoring systems are requested. Research is also sought for the development of

medical information systems that support the onboard medical provider.

b. Therapy

High priority will be given to research proposals to study the mechanisms of changes that
could occur during space flight in the therapeutic effectiveness and adverse drug
interactions of medications for common illnesses. Proposals are sought for research to

enhance surgical capabilities in space. High priority will be given to proposals that

investigate the application of fiber optic-based and minimally invasive surgical

techniques.

Proposals are sought in medical education focused on the development and maintenance
of medical capabilities for both physicians and non-physician crew medical officers.

Priority will be given to those research proposals that develop and test new training

paradigms. Proposals are a priority that address the development of space flight
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treatmentcapabilitiesfor acutemedicaland surgicalemergenciessuchas wounds,
lacerations,andbums;toxic exposures;decompressionillness;dental,ophthalmologic,
urologic,gastrointestinal,andgynecologicemergencies.
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c. Rehabilitation

Proposals are sought for research to develop effective rehabilitation techniques for

deconditioned space travelers on their return to Earth. Priority will be given to proposals

addressing rehabilitation after long-duration space flight.

d. Pharmaceuticals and Blood Replacement Solutions

Proposals are sought for ground-based research to enhance the "shelf-life" and

effectiveness of pharmaceuticals, intravenous fluids, and blood replacement substances,

which are stored for extended periods of time and would be required for clinical care of

patients in extreme environments (e.g., radiation resistant, storage at ambient

temperature, small volume, etc.).

Proposals must represent questions and priorities enumerated in the Critical Path

Roadmap at http://criticalpath.jsc.nasa.gov.

Contact: Victor S. Schneider, M.D./Bioastronautics Research Division

Telephone: 202-358-2204

Email: vschneider@hq.nasa.gov

5. Radiation Health

The Radiation Health element of the program supports research in the areas of 1) radiation

physics, 2) biological effects of shielding materials, 3) genetic biological predisposition, and
4) bioengineering and radiation protection. For FY 2002, thc primary area of emphasis for

the Space Radiation Health element is the reduction o/radiation risk based on development

of mechanistic insights into the biological effects of radiation. Purely phenomenological

approaches, e.g., testing of pharmacological substances with presumed radioprotective
effects without developing new knowledge, are not acccptablc. Instead, proposals are

required to be hypothesis-driven and are expected to obtain their data in ground-based

experimental radiobiology studies with proton and high-energy heavy ion beams in the
energy range corresponding to space radiation.

Scientists working in rapidly developing areas of life sciences not necessarily associated with

the study of radiation are particularly encouraged to consider the contributions that their field

of study can make to Radiation Health, and to propose investigations relevant to the Space
Radiation Health element. Proposals are required to provide evidence for expertise in

radiation, either by reference to the Principal Investigator's work or bv the inclusion of active

collaborators expert in radiation research.

High-priority research proposals will

1. Determine carcinogenic risks following irradiation by protons and HZE particles.

2. Determine how cell killing, induction of chromosomal aberrations, or carcinogenesis vary
as a function of the thickness and composition of radiation shielding.
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3. Increase the confidence of extrapolation to humans from knowledge of radiation-induced

genetic alterations or carcinogenesis in rodents.
4. Determine if exposure to heavy ions at levels occurring in deep space pose a risk to the

integrity and function of the central nervous system.
5. Lead to significant advances in our understanding of cancer risk, consequences of CNS

damage, and acute and early damage due to solar particle events.

6. Link biological mechanisms to significant improvements in accuracy of prediction of
radiation risk for humans in space (especially carcinogenesis).

Additionally, studies are requested that lead to significant advances in our understanding of

genetic mechanisms of radiation damage and repair in cells and tissues, especially those

aspects that are complementary to research in genomic instability, which have been jointly
funded with the National Cancer Institute. Proposals addressing genetic sensitivity to space

radiation and genetic intervention to alter such sensitivity are encouraged. Proposals are -

requested that test methods to protect from or counteract the effects of high energy

radiation damage while increasing new knowledge regarding the mechanisms of

organismal protection from radiation or in their recovery from radiation damage.

Proposals are of interest that are based on basic mechanisms of molecular biology that are

likely to result in development of biological countermeasures in humans that could lead to
prevention or intervention (including genetic or pharmacological agents) against effects of

radiation damage in space.

NASA has signed agreements with Loma Linda University Medical Center related to the use

of proton beams and with Brookhaven National Laboratory (Brookhaven) for the use of

heavy ion beams at the Alternating Gradient Synchrotron (further details are provided in
Section 5.0 of Space Lffe Sciences Ground Facilities h!&rmation Package). A new" facility

at Brookhaven, the Booster Applications Facility (BAF), is under construction. It is expected

to become operational in 2003 and will deliver beams of protons and heavy ions ranging up

to gold, at energies between tens and thousands of MeV/nucleon. The BAF includes
irradiation stations, beam controls and laboratory facilities required for most radiobiological

investigations. NASA negotiates beam delivery directly with these institutions, and

investigators proposing to use these irradiation facilities should not include the cost of
beam time in their budgets. However, investigators should include the cost of carrying

out the experiments, including travel to these facilities.

Experimental studies not directly using protons or heavy ions in the relevant energy
range or not directly relevant to the interpretation of experiments already conducted
with such radiation will not be funded. The Brookhaven BAF will become operational in

2003. Research proposals are encouraged that use the BAF to answer the focused questions
above. Proposals should take into account the impact of gender, age, nutrition, stress, genetic

predisposition, or sensitivity to other factors of importance in managing space radiation risks.

Proposals must represent questions and priorities enumerated in the Critical Path Roadmap at

http://criticalpath.jsc.nasa.gov.
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Contact: WalterSchimmerling,Ph.D./BioastronauticsResearchDivision
Telephone:202-358-22005
Email: wschimm@hq.nasa.gov

III. Advanced Human Support Technology Program (Space Human Factors

Engineering Element)

Emphases for FY 2002

The Space Human Factors Engineering (SHFE) element solicits research proposals in the areas

of 1) habitability and work environment, 2) training, 3) mission support, 4) crew performance

and workforce characteristics, 5) data analysis and design, and 6) workload and task

characteristics. The investigator should highlight, where possible, how the results of the

proposed research can be used (at the earliest possible time) to support operations on the ISS or

in training in preparation for space flight. Proposals for research in other areas relevant to the

SHFE element may be submitted in response to this NRA but will likely receive lower priority

for funding.

The research focus for each of the areas of emphasis (not in priority order) follows:

Habitability and Work Environment

Methods for objectively or quantitatively measuring habitability features are needed. This NRA

solicits studies to develop tools for predicting the effects of combinations of habitability-related

issues (e.g., noise, visual environment, privacy) on crev,; performance and safety.

Training

This NRA solicits studies that focus on deciding when training is needed (i.e., just in time

training), and how to determine if training prior to a planned or unplanned task is absolutely

essential or just helpful. Proposals are sought that would study the effectiveness of embedded

training in actual operational equipment; supporting analyses of risk/error and training benefit

should be compared to traditional methods. Studies to assess team training, and strategies to

measure learning both for the group and the individual, are also solicited.

Mission Support

Proposals to determine the appropriate composition of automated tasks overseen by the

workforce (flight and ground support crews), and research to determine the effect of "online"

documentation of procedures, are solicited. Proposals are also solicited to determine how best to

communicate mission performance data to crews, involve crews during the planning of off-

nominal situations or when new information requires changes in operations, and how to develop

strategies and/or technologies which aid and measure the crews ability to functionally make

these changes.

Crew Performance (and Workforce Characteristics)
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Proposalsaresolicited that leadto technologiesor processesthat monitor human/machine

performance (within adjustable limits) and allows appropriate and timely feedback to the

monitoring crew for task replanning.

Data Analysis and Design

Proposals for improved methods and tools for data collection, analysis and organization are

solicited. Typical challenges in this area include effective use of mission equipment and crew;
efficient transmission, archiving, and distribution of data; and rapid access to mission data for

real-time replanning. Proposed research should include human factors issues in design of human
interlaces and in understanding of human use of scientific and engineering data.

Workload and Task Characteristics

Proposals for non-intrusive methods of workload assessment including the effects of levels of
workload on performance are solicited. Proposals are also solicited for development of models

that predict the effects of various schedules and workloads on human performance, with

emphasis on measuring the effects of how task allocation between humans and automated

systems affect both crew and system performance.

Further information on the SHFE element of the Advanced Human Support Technology Program

(reference 23) can be found at http://peerl .nasaprs.com/peer_review/prog/prog.html

Additional information about the Advanced Human Support Technology Program is available

from

Charles J. Barnes, Ph.D.

NASA Headquarters, Code UB

Washington. DC 20546

Telephone: 202-358-2365
Fax: 202-358-4168

Email: cbarnes@hq.nasa.gov

Contact: Mr. Thomas Rathjen/NASA Johnson Space Center

Telephone: 281-483-3651
Email: trathjen@ems.jsc.nasa.gov

IV. Application Procedures for Individual Investigators Proposing to the

Biomedical Research and Countermeasures or Advanced Human

Support Technology Program

Instructions for Notice of Intent and Proposal Submission
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Proposalsfor individualinvestigatorgrantsmustcomplywith the general requirements of this

research opportunity as described in this appendix (Appendix B). Appendix E outlines general
NASA-specified requirements for proposal submission and should be used for clarification and
reference. This appendix supersedes, modifies, or extends the requirements enumerated in

Appendix E.

SYS-EYFUS Registration for All Applicants

SYS-EYFUS is an electronic system used by NASA Headquarters to manage research

solicitation activity, plan for the receipt of research proposals, track the receipt and peer

evaluation of these proposals, and manage funded research (grants, cooperative agreements, etc.)

sponsored by NASA's Office of Equal Opportunity (Code E), Office of Earth Science (Code Y),
Office of Human Resources & Education Division (Code F), Office of Biological and Physical

Research (Code U), Office of Space Science (Code S), and the Office of Space Flight (Code M).

SYS-EYFUS also supports the funding and administration of awards pursuant to selection of

these research opportunities.

All investigators planning to submit a proposal to this solicitation are requested to register online
with SYS-EYFUS. Comprehensive help, instructions, and contact information are provided
online. SYS-EYFUS can be accessed at the following address:

http://proposals.hq.nasa.gov/

. If you have previously registered with SYS-EYFUS, you are requested to verify and update your
user information. If you have forgotten your user ID or password, select the "Forgot Your

Password" option and type in your first and last name to search our database. The system will

send an automatic email message with your username and password to the email address listed in

our database.

Instructions for Preparing a Notice of Intent

All investigators planning to submit a proposal in response to this solicitation are requested to
submit a non-binding notice of intent (NOI) to propose by November 30, 2001, via the Web at

the following address:

http://proposals.hq.nasa.gov/proposal.cfm

Submission of a notice of intent is strongly encouraged, but not mandatory.

• Login to SYS-EYFUS and select "New Notice of Intent."

• The Division Specific Opportunities screen will appear. In the selection window, highlight
Bioastronautics Research Division and click on "Continue."

• The List of Existing Opportunities screen will appear. In the selection window, highlight 01-
OBPR-07 and then click on "Continue."

• This will bring you to the Notice of Intent submission Form. All fields are required.

a. For the proposal type field on this form, new/no prior support means that the investigator
has not received NASA funding from 1999 through 2001, new/prior support means that
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the investigatorhasreceivedNASAfundingbetween1999and2001,andrevisedmeans
that theproposalis a revisedversionof a proposalsubmittedto NASA andreviewed
from 1999through2001,but not funded. A proposalpreviouslysubmittedbut not
funded,shouldbeidentifiedasbeing"revised"evenif theoriginalPrincipalInvestigator
haschangedfor 2002.

• Click on"SubmitNOIPage."
• TheTeam Member Page screen will appear, where you can add or remove team members.

Select continue if there are no other team members. To add a team member, highlight the

role option on the selection list, type in first and last name, and click on search. When the

resulting set appears, choose the appropriate radio button and click on ADD to add the person

to the NOI. After you are done, click on '_Continue." IMPORTANT: If the team member is

not listed in our database, please have them add themselves as a new user to the system. You

may then add them to your team member list.

• After continuing from the Team Members Page, your NOI will be displayed. Click on

"Resubmit NOI Page" to complete your NOI submission.

• You may edit and resubmit your NOI at any time before the submission deadline of

November 30, 2001. Once you submit an NOI, it cannot be deleted. For title, team member,

or any other changes, please edit your existing NOI and resubmit changes to avoid duplicate
records.

Instructions for the Preparation of Proposals

An original signed proposal, plus twenty (20) complete copies of the proposal, should be mailed
to the address indicated and in the manner described of this document.

AI._..!Iproposals submitted to the Bioastronautics' Biomedical Research and Countermeasures

Program must include the completed cover page form as described in this Appendix. The name

of the Principal Investigator should appear in the upper right hand corner of each page of the

proposal, except on the cover page form where special places are provided for this information.

Note that the proposal must specify the period of performance for the work described; periods of

performance may be for any duration up to three (3) years but should be suitable for the project

proposed.

The proposal must include the following material, in this order:

( 1) Proposal Cover Page: Solicited Proposal Application, including certification of

compliance with U.S. code (if applicable). One signed original required.

Please see "How to Submit Proposal Cover Page Information" below for instructions on how to

complete the proposal cover page information.

(2) Transmittal Letter or Prefatory Material, if any (see Appendix E for details)

(3) Proposal Title Page, with Notice on Restriction on Use and Disclosure of Proposal
Intbrmation, if any (see Appendix E for details)
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(4) ProjectDescription.Thelengthof theProjectDescriptionsectionof theproposalcannot
exceed 20 pages using regular (12 point) type. Referenced figures must be included in the 20

pages of the Project Description. The Bibliography section is not considered part of the 20-page

project description. Proposals that exceed the 20-page limit for the project description (22-page

limit for revised proposals; see below) will not be reviewed. The proposal should contain
sufficient detail to enable reviewers to make informed judgments about the overall merit of the

proposed research and about the probability that the investigators will be able to accomplish their

stated objectives with current resources and the resources requested. In addition, the proposal

should clearly indicate the relationship between the proposed work and the research emphases
defined in this Announcement. Reviewers are not required to consider information presented as

appendices or to view and/or consider Web links in their evaluation of the proposal.

New applications, where the investigator has received NASA funding in related fields from 1999

through 2001, must present results and evidence of progress of the associated NASA-supported

research as part of the project description.

Revised applications (revisions of 1999, 2000, or 2001 submissions) must be so designated on

the proposal cover page and explained in the project description. This explanation should be

presented in a separate section of no more than two pages at the beginning of the project

description, and is in addition to the 20 pages allowed for the project description. Related

changes to the research plan should be highlighted in the body of the project description.

Changes within the proposal may be highlighted by appropriate bracketing, indenting, or

changing of typography. Clearly present any work done since the prior version was submitted.

Revised applications that do not address the criticisms in the previous review will be

considered nonresponsive and will be returned without review.

(5 t Management Approach

Each proposal must specify a single Principal Investigator who is responsible for carrying out the

proposed project and coordinating the work of other personnel involved in the project. In

proposals that designate several senior professionals as key participants in the research project,

the management approach section should define the roles and responsibilities of each participant
and note the proportion of each individual's time to be devoted to the proposed research activity.

The proposal must clearly and unambiguously state whether these key personnel have reviewed

the proposal and endorsed their participation.

(6) Personnel/Biographical Sketches

The biographical sketch for each investigator should not exceed two pages. If the list of

qualifications and publications exceeds two pages, select the most pertinent information (see

Appendix E for details).

(7) Other Support (see Appendix E for details)

(8) Facilities and Equipment (see Appendix E for details)
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(9) SpecialMatters(specificinformationon animalor humansubjectsprotocolapproval
required,if applicable)

The SpecialMatterssectionmust containa statementfrom the investigator'sinstitutionthat
statesthat theproposedworkwill meetall Federalandlocalhumansubjectrequirementsand
animalcareanduserequirements,if applicable.Notethatno animalsubjectsmaybeutilized
unlessspecificinformationjustifying and describingtheir use is includedin the proposal.
Policiesregardingtheprotectionof humanresearchsubjectsin NASA-sponsoredresearchare
detailedin NASA ManagementInstruction(NMI) 7100.8B(Protectionof HumanResearch
Subjects),andanimalcareand userequirementsaredetailedin the NASA Codeof Federal
Regulations(CFR)1232(CareandUseof Animalsin theConductof NASA Activities),bothof
which areavailablefrom the Officeof BiologicalandPhysicalResearch,CodeUB, NASA
Headquarters,Washington,DC,20546.Assuranceof compliancewithhumansubjector animal
careprovisionsis requiredonFormA, to besubmittedwith eachproposal.In addition,a letter
signedbythechairpersonof theInstitutionalReviewBoard(IRB) or InstitutionalAnimalCare
andUseCommittee(IACUC),or both,asappropriate,regardingapprovalof theexperimental
protocol,shouldbe includedwith eachcopyof the proposal. If IRB or IACUC reviewis
unavoidablydelayedbeyondthesubmissionof theapplication,enter"Pending"onLine 9bor
10aof FormA, andbeadvisedthatthecertificationmustbe receivedwithin 60daysafterthe
duedatefor whichtheapplicationis submitted.If certificationis notreceivedwithin 60days
afterthe applicationdue date,the applicationwill beconsideredincompleteandwill not be
reviewed.NASA shallrequirecurrentIRB or IACUCcertificationprior to eachyear'saward.
All U.S.,non-NASAproposalsprovidingIACUCapprovalmustalsocontainthe institution's
PublicHealthAssurance number.

(10) Detailed Budget

NASA is expected to be operating on the basis of full cost accounting as soon as possible,

including all Civil Service salaries with overhead, in the interim period, proposals should use

the accounting method authorized at their institutions at the time proposals are due and for the

entire proposed period of performance. Funds to support the Rcsident Research Assistant (RRA)
Postdoctoral Program costs (e.g., stipend, travel, computer time. supplies, etc.) are to be

budgeted within the NASA intramural Principal Investigator budget.

The budget must include travel funds for the Principal Investigator to attend a biannual BR&C

Principal Investigator meeting. If other travel is planned, the proposal budget should include

appropriate travel funds for visits to NASA field centers (as appropriate) and presentation of

findings at professional society meetings.

( I 1) Supporting Budgetary Information

In this solicitation, the terms "cost" and "budget" are used synonymously. Sufficient proposal

cost detail and supporting information are required; funding amounts proposed with no

explanation (e.g., Equipment: $1,000, or Labor: $6,000) may cause delays in evaluation and
award. Generally, costs will be evaluated for realism, reasonableness, allowability, and

allocation. The budgetary forms define the desired detail, but each category should be explained
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in thissection.Offerorsshouldexerciseprudentjudgmentin determiningwhatto includein the
proposal,astheamountof detailnecessarilyvarieswiththecomplexityof theproposal.

Thefollowingexamplesindicatethesuggestedmethodof preparingacostbreakdown:

Direct Labor

Labor costs should be segregated by titles or disciplines with estimated hours and rates for each.
Estimates should include a basis of estimate, such as currently paid rates or outstanding offers to

prospective employees. This format allows the Government to assess cost reasonableness by

various means including comparison to similar skills at other organizations.

Other Direct Costs

Please detail, explain, and substantiate other significant cost categories as described below:
Subcontracts: Describe the work to be contracted, estimated amount, recipient (if known), and

the reason for subcontracting.
Consultants: Identify consultants to be used, why they are necessary, the time they will spend on

the project, and the rates of pay (not to exceed the equivalent of the daily rate for Level IV of the

Executive Schedule, exclusive of expenses and indirect costs).

Equipment: List separately. Explain the need for items costing more than $5,000. Describe
basis for estimated cost. General purpose equipment is not allowable as a direct cost unless

specifically approved by the NASA Grant Officer. Any equipment purchase requested as a

direct charge must include the equipment description, how it will be used in the conduct of the

basic research proposed, and why it cannot be purchased with indirect funds.

Supplies: Provide general categories of needed supplies, the method of acquisition, and
estimated cost.

Travel: Describe the purpose of the proposed travel in relation to the grant and provide the basis

of estimate, including information on destination and number of travelers where known.
Other: Enter the total of direct costs not covered previously. Attach an itemized list explaining

the need for each item and the basis for the estimate.

Indirect Costs

Indirect costs should be explained to an extent that will allow the Government to understand the

basis for the estimate. Examples of prior year historical rates, current variances from those rates,

or an explanation of other basis of estimates should be included. Where costs are based on

allocation percentages or dollar rates, an explanation of rate and application base relationships

should be given. For example, the base to which the General and Administrative (G&A) rate is

applied could be explained as application base equals total costs before G&A less subcontracts.

All awards made as a result of this NRA will be funded as grants. However, while proposals

submitted by "for profit" organizations are allowed, they cannot include a "fee."

(12) Appendices, if any (reviewers are not required to consider information presented in

appendices)

How to Submit Proposal Cover Page Information
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All investigatorsplanningto submitaproposalin responseto thissolicitationmustelectronically
submitproposalcoverpageinformationonlineand providea hard copyof the coverpage
attachedto eachproposalcopybyJanuary31,2002.Theproposalcoverpagecanbesubmitted
andprintedviatheWebatthefollowingaddress:

http://proposals.hq.nasa.gov/proposal.cfm

• Login to SYS-EYFUS.

• To submit a New Proposal Cover Page, click the "New Proposal Cover Page" option from

the SYS-EYFUS Options screen, and the New Proposals Cover Page screen will appear.

• If you previously submitted an NOI in response to this solicitation, choose to carry over the

existing NOI. This option will populate the cover page fields with the NOI information. Edit
the information as necessary, click "Continue" and proceed to the instructions for the

Proposal Cover Sheet Submission Form below.

• If you did not previously submit an NOl, click on New Proposal Cover Page option, and the
Division Specific Opportunities screen will appear.

• In the selection window, highlight Bioastronautics Research Division and click on
"Continue."

• The List of Existing Opportunities screen will appear. In the selection window, highlight 01-
OBPR-07 and then click on "Continue."

• This will bring you to the Proposal Cover Page Submission Form. Fill in all the fields. All

fields are required.
For the proposal type field on this form, new/no prior support means that the investigator has

not received NASA funding from 1999 through 2001, new/prior support means that the
investigator has received NASA funding between 1999 and 2001, and revised means that the

proposal is a revised version of a proposal submitted to NASA and reviewed from 1999
through 2001, but not funded. A proposal previously submitted but not funded, should be

identified as being "revised" even if the original Principal Investigator has changed for 2002.
Click on "Continue."

• The Team Member Page screen will appear, where you can add or remove team members.
Select continue if there are no other team members. To add a team member, highlight the

role option on the selection list, type in first and last name and click on search. When the
resulting set appears, choose the appropriate radio button and click on ADD to add the person

to the proposal. After you are done, click on "Continue." IMPORTANT: If the team
member is not listed in our database, please have them add themselves as a new user to the

system. You may then add them to your team member list.

• After continuing from the Team Member Page, the Proposal Options Page appears.

• Please fill out the budget form by clicking on the "Budget" button, filling in project costs,

and clicking "'Continue." This will bring you to the Proposal Budget Review Page. Click
"Continue" if the information is correct.

• After verifying your budget information, you will be returned to the Proposal Options Page.
Click the "'Show/Print" button.

• At the page entitled Proposal Information Item List click L'Continue" to preview your

Proposal Cover Page. Print the cover page from your Internet browser once you have
reviewed the information. The cover page must be signed by both the Principal Investigator
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and the authorizing official and attached to the font of your proposal before submission of

hard copies to NASA.

You may edit and resubmit your proposal cover page at any time before the submission

deadline of January 31, 2002. Please note that once you submit a proposal cover page, it
cannot be deleted. For title, team member, budget or any other changes, please edit your

existing proposal cover page and resubmit changes to avoid duplicate records.

One (1) signed original and twenty (20) copies of the proposal must be received by 5:00 PM

on January 31, 2002, at the following address:
NASA Peer Review Services

Subject: 01-OBPR-07
500 E Street SW, Suite 200

Washington, DC 20024

V. Review and Selection Process

Investigators should refer to Appendix A, Section IV, for a description of the Review and
Selection Process.

VI. Eligibility

All categories of U.S. institutions are eligible to submit proposals in response to this NRA.

Principal Investigators may collaborate with universities, Federal Government laboratories, the

private sector, and state and local government laboratories. In all such arrangements, the

applying entity is expected to be responsible for administering the project according to the

management approach presented in the proposal.

The applying entity must have in place a documented base of ongoing high quality research in
science and technology or in those areas of science and engineering clearly relevant to the

specific programmatic objectives and research emphases indicated in this NRA. Present or prior

support by NASA of research or training in any institution or for any investigator is not a

prerequisite to submission of a proposal or a competing factor in the selection process.

All types of institutions are eligible to submit proposals in response to this NRA, but only the

U.S. investigators and U.S. institutions that collaborate in a selected proposal qualify for funding

of their portion of any collaborative research. Proposals without substantive collaboration from a

U.S. entity will not be reviewed except in the case of CEVP proposals submitted by investigators
from the International Life Sciences Working Group Space Agencies members. CEVP proposals

approved for funding by the international member states will be reviewed.

VII. Foreign Proposals

Only ground-based proposals submitted in response to this NRA from U.S. entities, or from non-
U.S. entities that involve substantive co-investigator collaboration from a U.S. entity, will be
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reviewed. U.S. co-investigators who are collaborating on such proposals with non-U.S, entities

must ensure that their scientific role is clearly delineated in the proposal, that their expertise is

shown to make a substantial contribution, and that their funding requirements are included in the

proposal. Proposals from non-U.S, entities with significant co-investigator collaboration from a

U.S. entity, must be endorsed by the respective government agency or funding/sponsonng

institution in that country from which the non-U.S, participant is proposing. Such endorsement

should indicate that the proposal merits careful consideration by NASA, and if the proposal is

selected, sufficient funds will be made available to undertake the activity as proposed. This

Letter of Endorsement from the sponsoring non-U.S, government agency or funding/sponsoring

institution should be forwarded along with the proposal.

All proposals from non-U.S, entities which involve substantive co-investigator collaboration

from a U.S. entity must be typewritten in English and comply with all other submission

requirements stated in this NRA. These proposals will undergo the same evaluation and

selection process as those originating in the U.S. All proposals must be received before the

established closing date. Sponsoring foreign government agencies or funding institutions for

proposals from non-U.S, entities meeting the above guidelines may, in exceptional situations,

forward a proposal without endorsement to the above address if endorsement is not possible
before the announced closing date. In such cases, the NASA sponsoring office should be

advised when a decision on endorsement can be expected.

Successful and unsuccessful non-U.S, investigators will be contacted directly by the NASA

sponsoring office. Copies of these letters will be sent to the sponsoring government agency or
- funding institution. Should a non-U.S, proposal with significant U.S. participation be selected,

NASA's Office of External Relations will arrange with the foreign sponsoring agency or funding

institution for the proposed participation on a non-exchange-of-funds basis, in which NASA and

the non-U.S, sponsoring agency or funding institution will each bear the cost of discharging their

respective responsibilities.

Depending on the nature and extent of the proposed cooperation, this arrangement may entail

1. a letter of notification by NASA:

2. an exchange of letters between NASA and the sponsoring foreign governmental agency;
or

3. a formal Agency-to-Agency Memorandum of Understanding (MOU).

Export Control Guidelines Applicable to Foreign Proposals and Proposals

Including Foreign Participation.

Proposals including foreign participation must include a section discussing compliance with U.S.

export laws and regulations, e.g., 22 CFR Parts 120-130 and 15 CFR Parts 730-774, as

applicable to the circumstances surrounding the particular foreign participation. The discussion
must describe in detail the proposed foreign participation and is to include, but not be limited to,

whether or not the foreign participation may require the prospective investigator to obtain the

prior approval of the Department of State or the Department of Commerce via a technical

assistance agreement or an export license, or whether a license exemption/exception may apply.

If prior approvals via licenses are necessary, discuss whether the license has been applied for or
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if not,theprojectedtimingof theapplicationandanyimplicationsfor theschedule.Information
regarding U.S. export regulations is available at http://www.pmdtc.org and
http://www.bxa.doc.gov.Investigatorsare advisedthat under U.S. law and regulations,
spacecraftandtheir specificallydesigned,modified,or configuredsystems,components,and
partsaregenerallyconsidered"DefenseArticles" on the United StatesMunitionsList and
subjectto theprovisionsof theInternationalTraffic in Arms Regulations (ITAR), 22 CFR Parts
120-130.
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APPENDIX C

NRA 01-OBPR-07

Multiple Opportunities for Ground-Based Research

in Space Life Sciences

Technical Description

Opportunity to Participate on a National Space Biomedical
Research Institute Team

NOTE: Only investigators who are applying to join one of the pre-existing NSBRI
research teams should use this appendix for the preparation of their application.

I. Introduction

The National Space Biomedical Research Institute (NSBRI), a private, non-profit organization,

invites research proposal applications to join an existing ground-based research team in one of
the twelve active research areas:

1. Bone Loss - Addressing bone loss and weakening during space flight with the inherent

fracture risks
2. Cardiovascular Alterations - Addressing the inflight occurrence of cardiac dysrhythmia

and postflight impairment of the cardiovascular response to orthostatic and exercise stress

3. Human Performance Factors, Sleep and Chronobiolo_'- Investigating maintenance of

high cognitive performance and vigilance despite environmental stress and sleep
disturbances

4. Immunology, Infection and Hematology - Addressing immune system impairment and

altered susceptibility to infection, increased allergic response, decreased blood volume

and postflight anemia
5. Integrated Human Function - Developing an overall understanding of the human body's

response to space flight
6. Muscle Alterations and Atrophy - Focusing on the loss of skeletal muscle mass, strength,

and endurance that accompanies space flight
7. Neurobehavioral and Psychosocial Factors - Investigating methods and tools that can be

utilized to enable crews to cope with stress, isolation and compatibility

8. Neurovestibular Adaptation - Addressing the problems of space motion sickness and

disorientation during flight and the postflight problems of balance and gaze disorders

9. Nutrition, Physical Fitness and Rehabilitation - Developing methods to maintain health
and fitness before, during, and after space flights

10. Radiation Effects - Addressing the problem of increased cancer risk caused by the natural

space radiation environment:
11. Smart Medical Systems - Developing new methods of medical monitoring, diagnosis, and

therapy for use on space missions

! 2. Technology Development - Developing instrumentation and other technological products
that will enhance the research of the other teams and benefit people on Earth.

Each of the twelve research teams consists of a set of individual, coordinated, and

complementary projects focused on a common theme. Team management and coordination is

C-I



theresponsibilityof a programdirectorcalleda TeamLeader. ThecurrentTeamLeadersfor
thesetwelveteamsarelistedin SectionIII of thisAppendix.

Applicationswill beacceptedfromall categoriesof organizations, public and private, and for-
profit and non-profit, such as universities, colleges, hospitals, laboratories, units of state and

local governments, and eligible agencies of the federal government. The mechanism of support
shall be an NSBRI subagreement with funds provided by the National Aeronautics and Space

Administration (NASA) through a cooperative agreement (Cooperative Agreement NCC 9-58
with NASA's Lyndon B. Johnson Space Center). Annual renewal awards are subject to an

independent, external review. Potential foreign applicants should note that, normally, the
country of origin, not the NSBRI, must fund applications from non-U.S, organizations. Potential
foreign applicants should coordinate their application with both the NSBRI and the appropriate

funding agency in their own country.

II. Background

The NSBRI is responsible for the development of countermeasures against the deleterious effects
of long-duration space flight and applied space biomedical research directed toward this specific
goal. Its mission is to lead a world-class, national effort in integrated, critical path space
biomedical research that supports NASA's Human Exploration and Development of Space
(HEDS) Strategic Plan by focusing on the enabling of long-term human presence in,

development of, and exploration of space. This is accomplished by
• designing, testing and validating effective countermeasures to address the biological and

environmental impediments to long-term human space flight;

• defining the molecular, cellular, organ-level, integrated responses and mechanistic
relationships that ultimately determine these impediments, where such activity tbsters the
development of novel countermeasures:

• establishing biomedical support technologies to maximize human performance in space,
reduce biomedical hazards to an acceptable level and deliver quality medical care;

• transferring and disseminating the biomedical advances in knowledge and technology

acquired through living and working in space to the general benefit of mankind, including
the treatment of patients suffering from gravity- and radiation-related conditions on
Earth; and

• ensuring open involvement of the scientific community, industry and the public at large
in the Institute's activities and fostering a robust collaboration with NASA, particularly

through NASA's Lyndon B. Johnson Space Center.

Institute Infrastructure

The NSBRI is governed by a consortium of twelve institutions -- Baylor College of Medicine,
Brookhaven National Laboratory, Harvard Medical School, The Johns t topkins University School of

Medicine and the Applied Physics Laboratory, Massachusetts Institute of Technology, Morehouse
School of Medicine, Mount Sinai School of Medicine, Rice University, Texas A&M University, the

University of Arkansas for Medical Sciences, the University of Pennsylvania Health System. and the
University of Washington. The Institute's headquarters are located in t iouston at Baylor College of
Medicine.

Consortium membership is not a requirement for research program participation. At present,
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non-consortiuminstitutionsandlaboratoriesleadnearlyone-halfof theprojectsfundedby the
Institute. Themanagementplanfor theInstituteis basedon themodelusedby theNational
Institutesof Health. An independentBoardof ScientificCounselorsis responsiblefor assuring
excellencein theInstitute'sintramuralprogramthroughindependentextemalpeerreview,and
an ExternalAdvisory Council is responsiblefor advisingInstitutemanagementconcerning
programmaticeffectiveness.TheNSBR1alsohasaUserPanelof formerandcurrentastronauts
andflight surgeonsresponsiblefor assuringthat theresearchprogramis focusedsquarelyon
astronauthealthandsafety. An IndustryForumof representativesof spaceandbiomedically-
relatedindustriesassiststheInstituteindevelopingindustryparticipationinNSBRIandin timely
technologytransfer. In additionto its researchprogram,theNSBRI hasdevelopeda vital
educationandoutreachprogramthattakesadvantageof theInstitute'scoreresearchactivities.

III. Specific Research Focus and Opportunity

Proposals submitted to the NSBRI in response to this NRA MUST address one of the twelve
research areas discussed below. Proposals that impact more than one area should be directed to

only one primary research area, although a secondary research area may be designated if the

proposal has significant overlap with that area. The following subsections are meant to guide the
investigator to the key problems and issues that are central to each research area. Innovative
approaches to solve these problems are encouraged. Note that proposals will be evaluated for
their responsiveness to the critical needs expressed in the subsections. Generally, proposals that

are not responsive to these needs will not be funded.

General Information

To carry out the NSBRI's primary mission, that of designing, testing and validating effective
countermeasures to address the biological and environmental impediments to human space flight

(both within and beyond low-Earth orbit), the NSBRI focuses its research program on the

primary needs of low-Earth orbit long-duration space flight and on the major challenges of
exploration-class missions. These missions pose the greatest challenge to future space travelers.
and meeting their challenge with appropriate countermeasures lies at the core of the NSBRI's
responsibility. For planning purposes, a typical Mars-type exploration mission might involve
trips of six months to one year each way, with a stay on Mars of one to two years. A typical
long-duration space flight within low-Earth orbit might involve missions of six months or longer.
In either case, effective adaptation, supported by appropriate countermeasures, is critical to a
successful mission and to the long-term health maintenance of the astronauts. Potential

physiological changes that may occur during prolonged space flight include, among others,
significant loss of muscle and bone mass, decreased dietary intake of nutrients, profound
metabolic and endocrine alterations, important changes in cardiovascular function and
deleterious effects on sensorimotar performance. By addressing long-term missions of this type,

increased safety, health and peribrmance will be realized for shorter-duration space flights.

Countermeasure Readiness Levels. Since the NSBRI's primary mission concerns

countermeasures, it is important to understand some of the steps involved in effective
countermeasure development. These steps are called countermeasure readiness levels and are
measured on a scale of 1 to 9, with the higher numbers referring to higher levels of readiness.

(Investigators should read Appendix A, Section lIl, for a full discussion of CRLs.) As Figures 1
and 2 in Appendix A show, countermeasure development begins with basic research (levels 1 to
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3), movesthroughcountermeasurefeasibilityanddevelopmentstudies(levels3 to 7) andends
withcountermeasuregroundevaluation,flight validationandoperationalimplementation(levels
7 to 9). It isexpectedthattheNSBRI'sresearchprogramwill containstudiesthat,for themost
part,rangefromCRL3through7.

1. NSBRI Bone Loss Team

Team Leader: Jay R. Shapiro, M.D.
Professor, Department of Medicine
Uniformed Services University of the Health Sciences

4301 Jones Bridge Road, Rm. A3068
Bethesda, MD 20814-4799

Telephone: 301-295-3600
Fax: 301-295-3557

Email: jshapiro@usuhs.mil

Weightlessness during space flight initiates a series of physiologic responses that lead to
dramatic alterations in the musculoskeletal system. These include muscle atrophy that decreases
muscle strain on bone, alterations in blood flow and fluid balance that alter fluid shear at the
tissue level, and alterations in hormonal mechanisms controlling bone remodeling. It is well

recognized that net bone loss is almost universally found in animals and humans after exposure
to microgravity. Bone loss is associated with an increased risk of fracture. Less is known about
the effects of weightlessness on soft connective tissues, ligaments and tendons, cartilage and the

integrity of intervertebral discs. Delayed recovery of bone strength following return to Earth's
gravity may perpetuate increased fracture risk and lead to skeletal fragility.

In space flight-tested rodents, bone loss occurs primarily as a consequence of depressed bone
formation. In humans, increased bone resorption is primarily responsible for net bone loss.

Although the magnitude of bone loss varies widely between individuals, observations of changes
in bone mineral density in Mir astronauts/cosmonauts indicate that approximately 6 to 12% of
bone mass may be lost during a six-month flight. Although it is recognized that muscle loss

precedes loss of bone, the sequential relationships between muscle and bone loss remain poorly
defined.

The research agenda for the bone loss team is set by the Critical Path Roadmap Bone Loss risks
(see Appendix A, Section I1) associated with long-duration space flight: acceleration of age-
related osteoporosis; fracture and impaired fracture healing; injury to soft connective tissue, joint
cartilage and intervertebral disc rupture with or without neurological complications; and renal
stone formation. An additional important topic involves the recognized prolonged delay in the
return of bone mineral density to normal following space flight, with the attendant increase in

fracture risk during that period.

The current NSBRI research program includes nine projects of basic and clinical studies that
share the objective of leading to countermeasure development. Details concerning the current

intramural projects are provided on the Web site http://www.nsbri.org/Research/Bone.html. Two
projects focus on basic mechanisms related to nutrient intake and bone mass, specifically on
glucose-dependent insulinotropic peptide (GIP) and on leptin. A third project focuses on
changes in estrogen and vitamin D receptor function in simulated microgravity. Other projects
are concemed with fracture healing in simulated weightlessness and the effect of ultrasound on
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the rate of healing,muscle-bone relationships during recovery from skeletal unloading, the
efficacy of a biomechanical countermeasure to inhibit bone loss, the effects of bisphosphonate
treatment on osteocyte integrity during simulated weightlessness, the study of a spinal-cord

injured patient model of microgravity, and the prevention of microgravity-induced renal stone
risk.

Focused Research Questions

The objective of this research solicitation is to obtain investigations that are complementary to
the current research program. Thus, proposals are being sought that address three important
issues: fracture and impaired fracture healing, bone mass and strength, and injury to soft
connective tissue, joint cartilage, and intervertebral disc rupture with or without neurological

complications. Competitive proposals should seek countermeasures that will promote normal
fracture healing, restore bone lost during flight with the appropriate quantity and quality of bone,
or protect soft connective tissues from injury and restore tissue integrity following prolonged

space flight.

Fracture Risk/Fracture Healing. At this time, no firm data exist about the occurrence of major

extremity/vertebral fractures or microfractures during, or following, extended space flight.
Information is available about rates of bone loss experienced by Mir cosmonauts and astronauts.

The relationship of this data to estimated fracture risk during extended space flight has not been
determined. How can available data on bone loss during extended space flight be used to

develop a practical estimate of fracture risk'? How does weightlessness impair normal fracture
healing? Are there agents that will impair or promote fracture healing during and after exposure
to microgravity (e.g., cytokines/hormones acting at the tissue level, pharmacologic agents used
during flight that could impair fracture healing, pharmacological agents that could promote
healing, biomechanical agents that could promote fracture healing)?

Bone Mass vs. Strength and Muscle/Bone Relationship. Persistent deficits in the mechanical
strength of bone may persist long after return to Earth's gravity and may lead to skeletal fragility
in old age. What is the relationship between bone mass and bone strength (quantity vs. quality of
bone) following real or simulated space flight'? What analytical methods are available to define
muscle/bone relationships2 Can one develop a human model to simulate the muscle/bone

relationships that exist following space flight'?

Soft Connective Tissue Injury. What is the nature and incidence of soft connective tissue

injury and pain during and after prolonged weightlessness or bed rest? What is the injury to
cartilage, intervertebral discs, and ligaments and tendons? Are there site-specific patterns of
injury to soft connective tissues? What are the gene expression patterns related to soft
connective tissue injury7 What is the histomorphology of the tissue response? What are the
modulators of soft connective tissue injury (cytokines, growth factors and hormones)? What are

the reparative processes in cartilage, intervertebral discs and tendons following injury'? What are
the most effective countermeasures to prevent this type of injury during or after space flight?
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2. NSBRI Cardiovascular Alterations Team

Team Leader: Richard J. Cohen, M.D., Ph.D.

Whitaker Professor of Biomedical Engineering
Harvard-MIT Division of Health Sciences and Technology

Massachusetts Institute of Technology
45 Carleton Street, Rm. E25-335A

Cambridge, MA 02139-4301
Telephone: 617-253-7430
Fax: 617-253-3019

Email: rjcohen@mit.edu

During space flight the cardiovascular system undergoes adaptive changes in structure and
function in response to microgravity and other factors. While these adaptations appear to be
associated with generally adequate cardiovascular performance during conditions of short-
duration space flight, they are not appropriate upon reentry into a gravitational environment. The
extent of cardiovascular adaptation appears to increase with duration of space flight. The extent
and implications of these adaptations for long-duration (months to years) space flight remain

largely unknown. Space flight is associated with a movement of fluid from the lower extremity
to the thorax and head, a modest decrease in intravascular volume and a modest decrease in

arterial pressure. During space flight, the cardiovascular system is not subjected to the stresses
associated with changes in posture in a gravitational field. In addition to microgravity, space
flight is associated with other physiologic stressors such as sleep disruption, confinement and
other environmental alterations that may also adversely affect cardiovascular structure and

- function.

Long-duration space flight leads to the development of orthostatic intolerance upon reentry, may
cause a reduction in cardiac mass, and might alter susceptibility to heart rhythm disturbances. In

addition, long-duration space flight affects cardiovascular response to exercise and may in
principle lead to the manifestation of previously asymptomatic cardiovascular diseases.

The objectives of the NSBRI Cardiovascular Alterations Team are to
• characterize and quantify the adverse effects of space flight on cardiovascular

structure and function;
determine the mechanisms of these adverse effects;

develop efli_ctive countermeasures to these adverse effects: and
develop new cardiovascular technologies for use in countermeasure development and

for spin-off applications on Earth.

These research objectives are driven by the Critical Path Roadmap Cardiovascular risks (see

Appendix A, Section If) associated with long-duration space flight: impaired cardiovascular
response to orthostatic stress, occurrence of serious cardiac dysrhythmias, diminished cardiac
function, manifestation of previously asymptomatic cardiovascular disease, and impaired

cardiovascular response to exercise stress.

The current research program involves nine ground-based projects and two potential space-flight
studies. Details concerning the current intramural projects tbr this team are provided on the Web

site http://www.nsbri.org/Research/Cardio.html. Many of the projects impinge on more than one
critical risk. The strategy of the cardiovascular team is to have a dynamic interplay between
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projectsfocusedonstudiesinanimals,humansandcomputersimulations.Partof the strategy is
to develop new technologies to be used in the studies which also have applications for astronaut
monitoring and therapy and spin-off applications on Earth. The primary focus of the team has
been on the problem of postflight orthostatic hypotension. In addition, several of the projects
deal with the issue of cardiac arrhythmias in space and with the risk of diminished cardiac

function.

Focused Research Questions

The objective of this research solicitation is to add investigations that are complementary to the
current research program and fill in the gaps in that program. Thus, proposals are being sought

that specifically address the following risks:

Diminished Cardiac Function. Proposals are solicited that address the relationship between

cardiac atrophy and central or peripheral cardiovascular function (e.g., changes in cardiac
systolic and diastolic function that could lead to orthostatic hypotension). These studies may
include animal or human studies. Proposals that specifically identify and test countermeasures

are preferred.

Manifestation of Previously Asymptomatic Cardiovascular Disease. Proposals that address
this critical risk may focus on methods to identify individuals for the presence of silent
cardiovascular disease that may manifest itself during space flight. Proposals may also address
whether and by what specific mechanisms space flight may accelerate such cardiovascular

disease processes.

3. NSBRI Human Performance Factors, Sleep, and Chronobiology Team

Team Leader: Charles A. Czeisler, M.D., Ph.D.
Professor of Medicine, Harvard Medical School
Chief, Division of Sleep Medicine, Brigham and Women's Hospital

221 Longwood Avenue, Room 438A
Boston, MA 02115

Telephone: 617-732-4013
Fax: 617-732-4015
Email: caczeisler@rics.bwh.harvard.edu

The success of human space missions depends on each astronaut remaining alert and vigilant

while operating sophisticated equipment and following complex procedures. During long-
duration space flight, the space environment affects a number of physiological systems critically
involved in human performance, and it is vital to mission success to understand the biological

limits of human performance under space flight conditions. This team is focused on these issues
and, in particular, is concerned with the following aspects of the space environment:

weightlessness (microgravity), altered light-dark cycles, altered or reduced sleep/rest
opportunities, high levels of automation, and habitation in a remote, inaccessible location. The
primary thrust of the team's research program involves altered circadian organization, sleep
disruption and cumulative sleep loss, and the associated neurobehavioral decrements occurring

during long-duration space flight.
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Thegoalsof theHumanPerformanceFactors,Sleep,andChronobiologyTeamareto:
• characterizeandquantifytheadverseeffectsof long-durationspaceflight on sleepand

circadianrhythmicity;
• characterizeandquantifytheeffectof sleeplossand/orcircadiandysfunctiononphysical

andneurobehavioralperformance;
• understandthe basic mechanismsunderlyingthe deteriorationof sleep, circadian

organizationandhumanneurobehavioralfunctionduringspaceflight;
• develop high-fidelity mathematicalmodels of performancebased on circadian

organizationandsleep-wakehistory;
• developeffectivecountermeasuresto optimizesleepandfacilitatecircadianadaptationin

spaceandtherebymaintainoptimalneurobehavioralperformance;and
• developnew methodsfor monitoringthestatusof sleep,sleephomeostasis,circadian

rhythmicityandneurobehavioralperformanceduringspaceflight, withpossiblespin-off
applicationsonEarth.

These research objectives are driven by the Critical Path Roadmap risk (see Appendix A, Section
II) related to human performance failure because of sleep and circadian rhythm problems.

The current research program involves nine ground-based research projects. Details concerning

this program are provided on the Web site http://www.nsbri.org/Research/Sleep.html. Although
the focus of the team is on a single risk, many of the projects impinge on more than one critical

risk. The team strategy is to develop a synergistic interaction between research projects at the
molecular, cellular, organismic and human levels; and to integrate predictive biomathematical
modeling of the sleep and circadian systems into the tabric of the program.

Focused Research Questions

The objective of this research solicitation is to obtain investigations that are complementary to
the current research program and fill in gaps in that program. Thus, proposals are being sought
that specifically address the following research topics:

Physical Effects. Proposals are sought to determine how the factors associated with space flight,
including stress, diminished sleep opportunities, and circadian disruption, affect sleep- and/or
circadian-mediated neuroendocrine, metabolic, ncurologic or autonomic functions, particularly
how those factors increase the biomedical risks of space flight during extended-duration
missions. How do individual characteristics alter the responses to these factors?

Novel Countermeasure Development. Proposals are sought to determine how recent advances

in the neurobiology of sleep and/or circadian rhythms (e.g., orexin/hypocretin system, circadian
photoreception, output pathways for regulation of sleep or circadian rhythms) can be used to
develop countermeasures to facilitate adaptation to the space environment and thereby maintain
optimal neurobehavioral performance during an exploration-class space mission.
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4. NSBRI Immunology, Infection, and Hematology Team

Team Leader: William T. Shearer, M.D., Ph.D.

Professor of Pediatrics and Microbiology & Immunology

Bayior College of Medicine
6621 Fannin, MC 1-329 i

Houston, TX 77030-2399

Telephone: 832-824-1274
Fax: 832-825-7131

Email: wshearer@bcm.tmc.edu

For 40 years, biomedical researchers have been attempting to gather definitive information on

the possible development of a secondary immunodeficiency due to conditions of space travel.
Although definitive information is yet to be obtained, past and present research demonstrates that
the conditions that humans face in long-term space flight have an impact upon the immune

system. For example, radiation of the type found during a space flight is known to induce
changes in host resistance so that, in time and without proper shielding and other precautions,
infections and malignant cells gain the advantage and conquer the host. Other important

conditions that pose risks for astronauts are weightlessness, confinement in a restricted space,
stress, isolation, microbial contamination, and sleep deprivation. Clinical observations with

patients undergoing immune suppression and model studies with humans and animals document
the importance of a sufficient level of immune function to protect against the consequences of
early cell death, reactivation of latent viral infections, and development of malignancies. The
science of space immunology, therefore, is founded upon well-received principles and
assumptions that prescribe a need for well-planned and executed experiments capable of

predicting the risks to the human immune system in long-term space travel and for an active
countermeasure development program designed to reduce thc risks to the immune system to an

acceptable level.

Because stress is almost a constant condition of space flight, investigators have sought to

establish a model where the same type of stress could be experienced by a large number of
subjects at the same time. Models studied to date have included medical students taking
examinations, subjects during heavy exercise, humans exposed to high altitudes, isolation, and
sleep deprivation, and the head-down bed rest model that simulates several conditions of space
travel. Some of these model studies suggest that serious consequences could result from possible
immune system aberration during long-term space travel.

Space-based countermeasure development in this area is still at the research level. Because of

the four-decade-long experience with humans who have congenital immunodeficiencies and the
nearly 20-year history of coping with the best understood secondary immunodeficiency, AIDS,
considerable progress has been made in restoring immunity and preventing it from being

damaged. Restoration of humoral immunity can be accomplished with immunoglobulin
treatments, and bone marrow stem cells can replace defective or damaged stem cells and their

immune system descendants. Vaccines have fbr decades prevented human infection, and simple
measures such as adequate nutrition and proper sleep have enabled humans to avoid serious
complications of intercurrent infections. Application of these measures to restore immunity or

even prevent immune damage in space is a high priority of the lnstitutc's research program.

C-9



TheCriticalPathRoadmaprisks(seeAppendixA, SectionII) in this areaareincreasedrisk of
infectiondue to impairedimmuneresponse,alteredenvironmentalexposure,and persistent
virusesor thereactivationof viruses;increasedriskof carcinogenesisduetoincreasedradiation-
inducedor cell-mediatedoncogeneexpression,decreasedimmunesystemsurveillance,and
reactivatedviruses;alteredhemodynamicsandcardiovasculardynamicscausedbyalteredblood
components;alteredwoundhealingcausedby alteredimmunecell functionor alteredlocal
tissue transport properties;altered host-microbialinteractionsresulting from changesin
microflora,alterationsin hostsusceptibility,or geneticchangesormutationsof microorganisms;
andincreasedriskof allergiesandhypersensitivityreactions.

The currentresearchprogramin this areaconsistsof six projectsdescribedon the Website
http://www.nsbri.org/Research/Immune.html.These projects use various model systems,
including irradiated and hind-limb suspended animals, to examine latent virus activation, stem-
cell alteration, mucosal immune and HPA-axis responses and apoptosis of T cells, etc., during

space flight. One project focuses on microbe contamination of a spacecraft. There is a high
degree of overlap among these projects. For example, altered microbes and increased
susceptibility to infection caused by space conditions are among the interests of all six projects,
and neuroendocrine abnormalities are a subject of five of the projects.

Focused Research Questions

Proposals are being sought in three areas: the types of altered immune function that occur in
space, the possible increased risk of allergies and hypersensitivity reactions that may occur in
space; and the development of specific, targeted countermeasures that would reduce the risks
associated with this research area.

Altered Immune Function. How do the various factors associated with space flight (e.g..

radiation, physical and psychological stress, confinement, weightlessness, etc.) affect immune
function, cancer risk, susceptibility to microbial infections, latent virus reactivation, stem

cell/progenitor cell biology and function, mucosal immunity, etc.'? Do alterations in the body's
systems in these areas during space flight pose significant risks to crewmembers? Are there
assays that reliably predict changes in these systems, and can these assays be adapted to space
travel?

Allergies and Hypersensitivity Reactions. Do unique environmental factors inside the
spacecraft promote the transmission and activity of microbial pathogens or cause increased risk
of infection, autoimmunity, allergy or hypersensitivity reactions independent of altered immune
function'? How would altered immunity in space, if it occurs, affect the development of allergies,

hypersensitivities and autoimmune diseases?

Countermeasure Development. Are there countermeasures that would remove the immune-

specific risks associated with spa_e flight (see the Critical Path Roadmap risks listed above) or
reduce these risks to acceptable levels'?
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5. NSBRI Integrated Human Function Team

Team Leader: Martin J. Kushmerick, M.D., Ph.D.

Professor of Radiology, Physiology & Biophysics and Bioengineering

Department of Radiology, AA-01 OK HSC

University of Washington
1959 N.E. Pacific Street, Box 357115

Seattle, WA 98195-0001

Telephone: 206-543-3762
Fax: 206-221-6515

Email: kushmeri@u.washington.edu

This research area seeks to integrate knowledge from the other discipline research areas,

enabling an understanding of overall human function and leading to a reliable evaluation and
prediction of an astronaut's safety and functional capacity during an extended space mission.
Thus, the goals of this program are to develop the general methodology necessary to integrate the
variety of physiological research findings emanating from different laboratories, thereby
advancing the description and understanding of human systems and their parts; to improve the

ability to predict human responses to functional stresses, especially those encountered in long-
duration space flight: and to assess the potential efficacy of countermeasures in reducing the
risks involved in space flight. The loss of homeostasis and/or appropriate dynamic responses
under stress likely involves the interaction of varied human functions and mechanisms at many
levels (e.g., molecules to organ systems). Because of genetic and experiential differences among
individuals, the methodology developed to enable integration needs to address generic human
responses as well as individual functional characteristics. Successful projects should develop
algorithms and concepts that specify how integration of the sub-components in a hierarchy of

complex component interactions could be accomplished. The term "Digital Ituman" captures
this vision and goal in a simple yet profound way.

There are six projects in tile current program. Details concerning these projects are available on
the Web site http://www.nsbri.org/Research/Integrated.html. All focus on metabolism and on
cardiac and skeletal muscle at the level of molecular, cellular, and organ properties. Each
demonstrates a desirable balance of experimental work and synergistic modeling in the areas of

cell electrical properties, control of intracellular calcium dynamics, cross-bridge properties in
different cell types; cellular energy metabolism, whole-body substrate distribution and
metabolism that may be altered during space travel, and convergence of cellular to organ
mechanics.

Focused Research Questions

Proposals are sought that will create analytical and predictive models and enable simulations that
answer questions involving multiple human subsystems. Such models will integrate human
function across multiple scales of organization and widely varying time scales, using both
vertical (hierarchical) and horizontal integration involving such diverse organizational scales as
molecule, cell, tissue, organ, and organism. It is anticipated that these projects will involve

interplay between fundamental mechanistic and phenomenological analyses. Projects must be

stronglyrelated to experimental data but may or may not involve new experimental work. In
order to be considered for funding, proposals must address one of the following areas.
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Neuroendocrine Model Development. This project should develop an integrative approach to

modeling human neuroendocrine function, including important elements of metabolism and
nutrition. The model should take into account global and intermediary metabolism, cell cycle

control, pituitary-hypothalamus and peripheral interactions, common endocrine interactions with

a range of body functions, and physiological and psychological stresses.

Musculoskeletal Model Development. This project should focus on developing an integrative

approach to modeling the interaction between bone and muscle in humans, with a view to
simulating the atrophy and bone loss that takes place during musculoskeletal unloading and the
restoration that takes place during reloading. The model should represent the role of limb
mechanical effects (loads and stresses) integrated with bone, muscle and tendon properties, as
well as calcium metabolism, and effects of parathyroid hormone and vitamin D.

6. NSBRI Muscle Alterations and Atrophy Team

Team Leaderi Kenneth M. Baldwin, Ph.D.

Professor, Department of Physiology & Biophysics

University of California, lrvine
Medical Sciences !, Rm. D340

lrvine, CA 92697-4560

Telephone: 949-824-7192
Fax: 949-824-8540

Email: kmbaldwi@uci.edu

Human and animal research clearly indicates that the skeletal muscle system is negatively

impacted by prolonged exposure to the unloading involved in space flight and bed rest in humans
and tail-suspension in animals. The following critical deficits have been identified as important
to counteract during extended space flight: reduced muscle mass (atrophy), which is thought to
be due to an imbalance in protein synthetic to protein degradation activity within targeted fibers

(the mechanism for such a response is largely unknown): reduced muscle strength leading to a
decrease in physical-activity pertbrmance and high power-output capacity (deficits in strength
often exceed the loss in muscle mass, suggesting that complex mechanisms are responsible tbr

the reduced performance): a slow-to-fast shift in the contractile protein phenotype (e.g., shifts to
faster myosin heavy chain [MHC] and calcium-cycling proteins) inducing muscle fibers to
become less economical in sustaining force output; a decreased resistance to fatigue, which could
have functional implications in the performance of extravehicular activity in space and in

performing emergency egress activity upon spacecraft landing; a proneness to muscle injury,
which is due to the atrophy and loss of strength with increased susceptibility to accidents that
could cause damage to other systems (e.g., bone fractures); changes in muscle properties that are

closely linked to changes in the ability of the nervous system to accurately control movements,

thereby affecting safety when performing any type of work.

The Critical Path Roadmap risks (see Appendix A, Section 11) in this area are closely associated
with the loss of skeletal muscle mass, strength and endurance: inability to adequately perform

tasks due to motor performance, muscle endurance, and disruption in structural and functional

properties of soft and hard connective tissues of the axial skeleton: inability to sustain muscle

performance levels to meet the demands of performing activities of varying intensities;
propensity to develop muscle injury, connective tissue dyslhnction and bone fractures due to
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deficienciesin motorskill, musclestrengthand musclefatigue;and the impact of deficits in
skeletal muscle structure and function on other systems.

The current NSBRI research program includes eight projects closely aligned with addressing

issues relevant to the critical path. Details concerning the research program are provided on the

Web site http://www.nsbri.org/Research/Muscle.html. Each project addresses key fundamental
issues and questions directly related to human health, performance and safety during long-
duration space flight. However, the program lacks a robust research effort using human subjects,
does not address issues related to the effect of altered loading on muscle and sensory-motor

function, and does not adequately explore non-exercise (e.g., artificial gravity) countermeasures.

Focused Research Questions

Loading/Unloading Human Skeletal Muscle. How do altered loading states and paradigms of
resistance training influence molecular and cellular processes that impact protein turnover in
human muscle fibers? Are there synergistic effects when various activity paradigms are carried

out simultaneously with other countermeasures, such as nutritional modification and

pharmacological intervention?

Muscle Loading and Sensory-Motor Function. How do altered loading states affect sensory

motor processes that affect posture, balance and the performance of locomotor tasks of varying

intensity and complexity?

Artificial Gravity and Muscle Function. How does artificial gravity (e.g., gravity-equivalent
acceleration and variable-G forces) affect the structure and function of human skeletal muscle in

normal and atrophying skeletal muscle, as well as other systems impacted by microgravity?

7. NSBRI Neurobehavioral and Psychosocial Factors Team

Team Leader: David F. Dinges, Ph.D.
Professor of Psychology in Psychiatry and Chief, Division of Sleep

and Chronobiology

Department of Psychiatry
University of Pennsylvania School of Medicine
423 Guardian Drive, 1013 Blockley Hall

Philadelphia, PA 19104-6021

Telephone: 215-898-9949
Fax: 215-573-6410

Email: dinges@mail.med.upenn.edu

The success of long-duration missions, particularly exploration missions, will depend heavily on

prevention, identification, and mitigation of neurobehavioral and psychosocial risks to crew
health, safety, and productivity. Astronauts aboard exploration missions will endure behavioral

challenges for a much longer period of time than have ever been experienced during space flight.
Stressors and risk factors on these missions include confinement for up to three years with the

same small group of people; isolation from family and friends: limited communication with
Earth, including as much as a 24-minute delay in bi-directional communications: and loss of

privacy due to habitability constraints. There are also risks to neurobehavioral capability and
emotional stability posed by prolonged weightlessness, enhanced radiation exposure, physical

C-13



illness, interpersonal strife, and equipment failure in space. Language, culture, gender, and work
role differences will also pose challenges to crew communication and effectiveness. Without

mitigation, these stressors individually and collectively have the potential to erode cognitive
performance; change neuroendocrine, cardiovascular, and immune responses; disrupt appetite,
sleep, and other basic regulatory physiology; lead to neuropsychiatric impairment through

anxiety and depression; and potentiate serious interpersonal problems among crewmembers.

This research area is concerned with developing novel ways to monitor individual astronaut

brain functions, as well as group behaviors, and to provide preventive and operational
countermeasures to enhance crew performance, motivation, and quality of life. The scope of this
area fits within the Critical Path Roadmap risks for Human Performance (see Appendix A,

Section II): identification of the neurobehavioral and psychosocial risks to crew health, safety,
well being, performance, and productivity during long-duration space missions; evaluation of the
effects of space-related stressors (i.e., habitability constraints, microgravity, radiation, work

requirements, sleep deprivation, perceived risks, restricted communication with Earth and
boredom) on physiological and psychological functions of individuals and crews; development
of accurate, practical techniques and approaches to monitor behavior and performance capability
during missions; development and validation of countermeasures to manage or mitigate space-
related risks to neurobehavioral functions and to enhance health, motivation, safety, and

performance during such missions; identification of strategies to maintain motivation and ensure
an effective quality of life in space; and development of procedures to determine optimal
leadership style, crew composition, organization, and communication with Earth.

The team's initial strategic research agenda involves eight ground-based studies that collectively
address four thematic questions. Details concerning the current program are provided on the Web
site http://www.nsbri.org/Research/Psycho.html. Questions addressed by the current projects include

• What are the effects of culture, personality and leadership on performance, stress and

health in isolated groups?
• What are the major influences on interpersonal actions, communications and problem

solving in small groups?
• How can affective, neurobehavioral and neurocognitive dysfunction be objectively

detected in remote locations?

• What neurobiological processes of stress and arousal are the optimal targets for
behavioral and pharmacological interventions?

Focused Research Questions

Proposals are being sought that address one of the following questions.

Neurobehavioral and Psychosociai Responses to Space Flight. What are the effects of long-
term exposure to the major factors in the space environment on emotions (including emotional
reactivity, stress neurobiology and responses, modulation of mood, and vulnerability to affective
disorders), cognition and performance (including processes of sensation and perception, learning,

vigilance, problem solving, decision making, and motor skills), and behavioral health?

Novel Countermeasure Development. How can novel neuroscience technologies (e.g.,
neuroimaging via fMRI, MRS, PET, NIR; transcranial magnetic stimulation) or novel behavioral
methodologies (e.g., virtual reality, prolonged behavioral monitoring, and experimental
manipulation of small group microsocieties in isolation and in tandem) bc used to develop
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countermeasuresfor thepsychosocialandneurobehavioraleffectsof prolongedspaceflight?

Performance Strategies. What are the behavioral strategies, scheduling strategies and habitat

design elements that can maintain or enhance crew performance and prevent the development of

hostility between crews and ground-support personnel during long-duration space flight?

8. NSBRI Neurovestibular Adaptation Team

Team Leader: Charles M. Oman, Ph.D.
Senior Research Engineer and Director, Man-Vehicle Laboratory

Department of Aeronautics and Astronautics
Center for Space Research, Massachusetts Institute of Technology
77 Massachusetts Avenue, Rm. 37-219

Cambridge, MA 02139-4301

Telephone: 617-253-7508
Fax: 617-258-8111

Email: cmo@space.mit.edu

The most overt change affecting an astronaut in space flight is the immediate response of the
neurovestibular system to weightlessness (traditionally called a gravitational change). Initially,

problems arise when astronauts transition to a weightless condition (from 1 G to 0 G),
unfortunately at a time when physical and cognitive performance is often critical for mission
success and safety. Problems appear again at the end of a mission, during and lbllowing a return
to Earth (from 0 G to I G). Postflight problems have generally been more severe after three-to-
five month Mir and International Space Station (ISS) flights than on typical one-to-two week
Shuttle missions, showing that, for some components of the vestibular system, adaptation to 0 G

takes place over time scales of months, rather than weeks. Looking beyond ISS to interplanetary
exploration missions, one can anticipate operationally significant vestibular problems when
astronauts make the transition from 0 G to partial G, or from 0-G to an artificial gravity

environment.

During the 1980s and '90s, space neurovestibular research largely focused on understanding the
effects of otolith weightlessness on the vestibulo-ocular reflex (VOR) and on attempting to

predict space sickness susceptibility. Today, the research agenda is set by the Critical Path
Roadmap Neurovestibular Adaptation risks (see Appendix A, Section II) associated with long-
duration space flight: disorientation and reduced performance on cognitive and physical tasks,
including vehicle egress, especially during/after G-level changes (associated with acute

spontaneous, and head-movement-contingent vertigo, nystagmus, oscillopsia, saccadic errors,
and reduced dynamic visual acuity); impaired neuromuscular coordination strength upon return
to positive G leading to increased incidence of falls and inju_ during emergency egress and

escape (gait ataxia, postural instability); impaired cognitive and/or physical performance due to
spatial disorientation; motion sickness symptoms or treatments (including short-term memory
loss, reaction time changes, drowsiness, fatigue, torpor, irritability, and ketosis) as a result of

changes in G level or use of artificial gravity: autonomic dysfunction (including cardiovascular,
respiratory, gastrointestinal, sleep, and mood changes), which may be of vestibular origin; and

permanent impairment of orientation or balance function duc to microgravity or radiation
(causing chronic imbalance, gait ataxia, vertigo, eye movement disorders, chronic vestibular
insufficiency, and poor dynamic visual acuity). Thus, NSBRI's neurovestibular adaptation
research program supports research aimed at developing scientifically-based countermeasures
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against the vestibular problemsassociatedwith space flight: space motion sickness,
disorientation,oculomotordeficits,postflightposturalinstability,andgaitataxia.

Thecurrentresearchprograminvolves seven ground-based projects; details concerning these

projects are provided on the Web site http://www.nsbri.org/Research/Neuro.html. Six of the
projects focus on the highest priority critical path risk (disorientation and reduced performance
on cognitive and physical tasks) while one or two projects focus on the other risks. No project
addresses the fourth risk, autonomic dysfunction, which may be of vestibular origin.

Focused Research Questions

This research solicitation seeks investigations that are complementary to the current team portfo-
lio and that collectively address four of the five critical path risks. Thus, proposals are being

sought that specifically address the following risks.

Vestibular/Autonomic/Emetic Physiology. What is the physiological basis for the "'sensory
conflict" theory for motion sickness? What is the locus and function of the putative "conflict"

signal? What is the neural or chemical linkage between balance and emetic centers? What
mechanisms establish the threshold for nausea and emesis? What neurotransmitter and receptor

systems are involved? Is the physiology of space motion sickness fundamentally different from
other forms of motion sickness? Can more effective anti-motion sickness drugs be developed

which target emetic centers or the vestibular-emetic linkage'? Drugs must be effective, easily and
safely used over days to weeks with minimal side effects and must not impair neurovestibular
adaptation. Can improved anti-motion drug delivery systems and dose and side effect
monitoring systems be developed? What are the best ground-based techniques for evaluating 0

G pharmacokinetics and for assessing the effectiveness and side effects of drug
countermeasures?

Postflight Neurovestibular Function. Does the neurovestibular response to weightlessness
impair postlanding cardiovascular regulation and contribute to orthostatic intolerance'? How is it
mediated? Can an effective countermeasure (e.g., artificial gravity) be developed to exploit this
knowledge? What are the relative contributions of neurovestibular adaptation, neuromuscular

deconditioning and cardiovascular deconditioning during space flight to the postflight problems
of neuromuscular coordination, ataxia and locomotion',' What is the effect of possible

cardiovascular, muscular and skeletal rehabilitation therapies on neurovestibular recovery'? Can

somatosensory information be used effectively to accelerate postflight neurovestibular

readaptation?

9. NSBRI Nutrition, Physical Fitness and Rehabilitation Team

Team Leader: Joanne R. Lupton, Ph.D.

Regents Professor and William W. Allen Endowed Chair in Human
Nutrition

Texas A&M University

218 Kleberg Center, MS 2471

College Station, TX 77843-2471

Telephone: 979-845-2142
Fax: 979-862-2378

Email: jlupton_v_tamu.edu
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An individual'smutuallyinterdependentnutritionalstatusandlevelof physicalfitnessaffectthe
physiologicalfunctionof all of thebody's systems.Optimumastronautperformanceduring
spaceflight requiresthatthesesystemsbemaintainedat anappropriatelevel of function,with
appropriatereservesto enableastronautsto respondto thespecialchallengesthat ariseduring
andjustafteramission.Theprimaryfociof thisresearchareaarethecriticalneedsfor adequate
nutritionduringa long-durationspaceflight simultaneouswith a prescribeduseof exercisesto
maintainappropriatefitness. Sincephysicalactivitywill, inpart,determinenutrientneeds,and
sincethe optimizationof nutrientdeliverywill, in part,dependuponblood flow andmuscle
mass,whicharebothaffectedby physicalactivity,thesetwodisciplinesneedto beconsidered
together.

The critical issuesfor nutrition are counteractingthe observedanorexiaof spaceflight;
determiningnutrientneedsto meetthemodifiedrequirementsobtainedduringspaceflight,with
stressorsthatincludeweightlessnessandadifferentradiationenvironment:anddevelopingnew -
nutritionalstrategies,includingtheuseof functionalfoods,supplements,andthetimingof food
intake relative to the specific prescribedexerciseactivities that will optimize human
performance.

The critical issuesfor physicalfitnessincludedevelopingappropriateaerobicand resistive
exercisesthat will preventor reducesomeof the physiologicalchangesduringspaceflight;
determiningthemode,frequency,duration,and intensityfor eachexercise:and definingthe
appropriateindividual exerciseprescription;determiningthe optimal timing of exercise
componentswith respectto foodintakeandotheractivities;anddevelopingthehardwaretomost
efficientlyimplementtheexercisecountermeasures.

Althoughthe Critical Path Roadmap(seeAppendixA, SectionII) containsspecificrisks
associatedwith foodandnutrition,therisksthatmaybeamelioratedby nutritionalandexercise-
related interventionsare reducedcardiovascularcapacity,loss of bone mineral density,
diminution of skeletal muscle function,depressedimmuneresponse,radiation-enhanced
developmentof cancer,decreasein cognitive function,alterationsin sleep patterns,and
neurobehavioralandpsychosocialrisks.

Thenutritionandphysicalfitnessprogrampresentlyconsistsof threenutritioncountermeasure
projectsandonepotentialspace-flightphysicalfitnessproject.Detailsconcerningtheseprojects
areprovidedontheWebsitehttp://www.nsbri.org/Research/Nutrition.html.

Threeof thefourprojectsinvolvecountermeasuresto thesamecriticalproblem:musclewasting.
Thecombinationof muscularinactivityandstressduringspaceflight resultsin a lossof skeletal
musclemassthatleadsto decreasedmusclestrength,whichmaycompromisecrewcapabilities.
A bedreststudywill determinewhetheranaminoacidsupplementcanamelioratethesenegative
effectsby increasingproteinsynthesis.A bioreactorcell cultureproject,which addresses
myocyteresponsein anin vitro model, will use the same amino acid supplement as the bed rest
study and address mechanisms of insulin secretion. The physical fitness countermeasure should
enhance the nutritional countermeasure by increasing blood flow to muscle and also by

maintaining muscle strength.

Focused Research Questions
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Theobjective of this research solicitation is to fill in gaps and strengthen the current research

program. Proposals are requested that specifically address the following focused research

questions.

Exercise Countermeasures. Without routine aerobic exercise during long-duration space

missions, there is a decrease in intensity and endurance of aerobic capability as measured by

oxygen consumption (VO2 max) and heart rate per energy exerted (watts). Resistive exercise is
required for maintenance of muscle performance as measured by strength and endurance.

Muscle atrophy and loss of force and power have been documented through muscle biopsies.
The primary goal of research in this area should be to study the effectiveness of exercise
countermeasures to ameliorate the above undesirable effects of space flight. End points should

include parameters quantifying the cardiovascular response, bone metabolism, body

composition, and skeletal muscle metabolism and function. The exercise countermeasures must
utilize approaches applicable or relevant to space flight, and the study design must include strict
dietary control and contain measures of energy balance. It is expected that implementation of a
successful proposal will require coordination with the currently funded bed rest and nutritional

study.

Appetite and Thirst Controls. In spite of adequate provision of food and water, inadequate
food intake is characteristic of human space flight. This reduction of food intake translates into a

significant energy deficit with resultant loss of body mass and diminution of physical fitness.
Suboptimal intake of essential macro and micronutrients and inadequate water intake also
occurs. It is thought that alterations of central and peripheral appetite and thirst homeostasis
underlie these perturbations. Proposals in this area should be aimed at understanding underlying
mechanisms and designing effective nutritional countermeasures to these deficiencies in nutrient
intake.

Alterations in Nutrient Partitioning and Metabolism as a Function of Weightlessness

and/or Other Space Flight Stressors. For crewmembers, space flight appears to increase
resting metabolic rate in the presence of chronic stress and increased protein turnover. Limited
data suggest insulin insensitivity and increased tat oxidation occur. Examples of other changes
occur with iron and calcium. Red cell mass is decreased by 10-15% during space flight resulting

in the release of additional iron, a strong pro-oxidant, suggesting that it might be prudent to
reduce dietary iron intake. These changes raise important questions in humans regarding the
identification of nutritional countermeasures to combat the detrimental alterations in body

composition and nutrient partitioning (e.g., bone, muscle, and adipose tissue) as well as in
associated organ systems. It is likely that these effects reflect alterations in systems coordination
as well as individual cell function. These manifestations may relate to direct influences of

microgravity or other as yet undefined space flight stressors. Proposals focused on this area
should aim at the development of countermeasures to ameliorate the above detrimental
alterations in nutritional physiology and biochemistry.

Meal Allocation: Nibbling vs. Meal Eating, Supplements vs. Whole Meals, Timing of
Nutrient Intake. The timing and frequency of meals with respect to activity, including sleep

cycles and exercise, and to the most effective utilization of nutrients may be a key factor in
maximizing astronaut health on long-duration space flights. For example, aerobic exercise has
been shown to increase blood flow, which could benefit the uptake of amino acids into muscle if

the amino acids were provided at the time of maximal blood flow. Similarly, after a substantial

meal, there is a depression in protein synthesis. Since total body protein synthesis decreases in
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spaceflight, perhapssupplementsbetweenmealsof amino acids in addition to the protein in
three meals may be the most effective food pattern to enhance muscle protein synthesis and
consequently maintain muscle function. For another example, extravehicular activity (EVA)

often requires 7-9 hour periods of highly focused activity with no intake but water.
Determination of specific nutrients (both type and amount) and timing of ingestion to maximize

mental and physical performance for these tasks would enhance crew safety and performance.
Proposals focused on this area should focus on meal patterns, distribution of nutrients, and the

timing of meals or supplements in relationship to maximum utilization of nutrients, physical

activity, and assigned tasks.

10. NSBRI Radiation Effects Team

Team Leader: John F. Dicello, Ph.D.

Professor of Oncology
The Johns Hopkins Oncology Center, Johns Hopkins University

Harry and Jeanette Weinberg Bldg., Rm. 1440
401 N. Broadway
Baltimore, MD 21231-8922

Telephone: 410-614-4194
Fax: 410-502-1419

Email: diceljo@jhmi.edu

Exposure to higher than normal radiation levels is one of the major health risks to humans on
long-term space flights. This exposure results primarily from galactic cosmic rays (GCR) and

solar particle events. The protons and high Z, energetic particles (HZE) involved may exert
sizable biological effects even at low fluence, and there are considerable uncertainties associated
with secondary particle effects (e.g., HZE fragments, neutrons, etc.). Although the health risks

from exposure to radiation (x-rays, gamma rays or electrons) encountered on Earth are
comparatively well-known, the health risks from space radiation are not well-known. The space-
related risks are summarized in the Critical Path Roadmap for the radiation effects area (See

Appendix A, Section II): cancer induction: central nervous system (CNS) damage from ionizing
radiation: synergistic effects resulting from simultaneous exposure to radiation, weightlessness,
and other spacecraft environmental factors (e.g., cytotoxic compounds present in the spacecraft);
acute effects resulting from damage to the nervous system, intestinal tract, and blood-forming

organs; and the effects of space radiation on fertility, sterility, and heredity.

The current NSBRI radiation research program involves six ground-based projects, details of

which may be found on the Web site http://www.nsbri.org/Research/Radiation.html. A major
component of the program is focused on one model system, the Sprague-Dawley rat, and one
major endpoint, mammary tumorigenesis. The biological endpoint being addressed is cancer. In
addition, two projects address CNS damage, one addresses genetic damage, and one addresses

possible nutritional countermeasures to space radiation.

Focused Research Questions

Each application must provide a strategy and schedule that would describe how the results of the
proposed experiments would finally yield data that could be used directly for providing a
quantitative estimate of risk or for producing an effective countermeasure. [t is important that
this strategy be as explicit as possible and contains a schedule that would yield results within the
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necessarytimeframe. Theobjective of this NRA is to solicit new research investigations that
augment the existing radiation team's program. In particular, proposals are being sought that

specifically address the following.

Improving the Predictions of Risks to Human Health from Space Radiations. What is the
proper methodology to extrapolate the biological results of experimentation to human risk? How

can existing epidemiological data for humans be utilized to interpret biological data in terms of
risk assessments for exposures in space? What are the methodologies required to extrapolate
biological results to low-dose risk predictions? Are the risks from the various radiations in space
independent? What is the dependence of the biological response on fluence and fluence rate?
Are the single-particle events from the HZEs in space properly simulated with present

accelerator-based exposures?

Providing Effective Countermeasures that Will Significantly Reduce these Risks. The
countermeasures referenced here are biological or biochemical agents useful for modulation of
significant radiation effects, which offer substantial promise as prevention or countermeasure
tools to reduce or minimize human risk arising from space-radiation exposures. Proposed agents
shall have demonstrated efficacy for chemoprevention of malignancies with low or no

significant toxicity. Radiation countermeasure agents shall be based on scientific understanding
of their likely efficacy against protons and high energy, highly charged nuclei (HZE particles).
With this in mind, are there chemical or biological agents that can be implemented to mitigate
radiation risks? Are there radioprotectants that mitigate acute exposures'? Are there classes of

minimally toxic agents that will globally reduce radiation risks?

11. NSBRI Smart Medical Systems Team

Team Leader: Jeffrey P. Sutton, M.D., Ph.D.
Director, Neural Systems Group

Massachusetts General Hospital
Harvard-MIT Division of Health Sciences and Technology
Bldg. 149, 13th Street, 9lh FI.
Charlestown, MA 02129-2000

Telephone: 617-726-4350/731-2388
Fax: 617-726-4078 FAX

Email: sutton@nmr.mgh.harvard.edu

Research in this area is focused on the ultimate development of an advanced, integrated, and

autonomous system for astronaut health assessment, maintenance, and medical care. This

system would include subsystems for the delivery and evaluation of medical interventions and

other countermeasures that reduce the deleterious effects of space travel and enhance the overall

well being of astronauts. The scope of research in this area includes new types of biometric

sensors; novel medical and surgical techniques: robotic medical assistance systems: advanced

drug synthesis and delivery systems; smart algorithms for medical data systems; automated

decision support for training and care; and systems-engineered platforms for sensor, algorithm,

and effector integration.

Although this research area is concerned with most of the risks related to the clinical capabilities

component of the Critical Path Roadmap (see Appendix A, Section II), its scope is significantly
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wider. Thecurrentprogramis accessibleat http://www.nsbri.org/Research/Med_Sys.htmland
consistsof eight multi-disciplinaryprojects that integrateengineering,computationand
biomedicinewith innovationin technologyand medicalcare. These projects address the

following general topics: novel sensor systems for monitoring and diagnosis, novel three-

dimensional imaging strategies, novel therapeutic modalities and intelligent systems for

mentoring and training.

Focused Research Questions

There are several gaps that exist in the current program, and the objective of this solicitation is to

fill some of them with projects that are complementary to the currently funded set. Specifically,

projects are sought that address the following topics.

Decision Support System for Monitoring. Formalized approaches are needed to decide how

changes in measured data should be integrated and brought to the attention of crew and/or
ground support personnel. These approaches require domain-specific models of both short- and
long-term changes in physiological status and status of the crew's environment and life support
systems. Computational techniques are required to direct monitoring systems, allocate
monitoring resources across systems, and determine when, to whom, and how urgently to report

monitoring results. Communication latencies, dropouts and limited bandwidth introduce
unavoidable disturbances. System architectures and collaborative approaches therefore need to

be developed to support the requirement for shared decision-making and data management.

Decision Support Systems and Knowledge Bases for Diagnosis and Treatment.
Physiological monitoring and medical care in a remote, isolated environment will depend on
automated and semi-automated processes, alerts and reminders, and methods for aiding human
decision makers. This, in turn, requires the ready availability of medical knowledge resources,

including textbooks, atlases, guidelines, formularies, diagnostic decision aids, and other tools.
Methods for organizing and retrieving knowledge relevant to a medical problem, inferring
conclusions, developing and customizing diagnostic and treatment plans, and monitoring
responses are needed.

Novel Therapeutic Modalities. Recognizing that facilities and specialty expertise for treating
illness and injury will be limited, research is needed to identify alternative approaches that
emphasize less invasive therapeutic interventions. Methods and devices that can be used by
individuals with limited expertise under adverse space-flight conditions are required. The focus
should be on approaches that minimize resource requirements and restore functionality, allowing

mission completion.

12. NSBRI Technology Development Team

Team Leader (Acting): Jeffrey P. Sutton, M.D., Ph.D.

(See Section I 1)

The goal of this research area is to develop technologies that support the ground-based or space-
flight research mission of the NSBRI. Thus, this team creates systems and tools such as sensors,
instruments, devices, and intelligent software that can support the other NSBR! Research Teams
and the space life science research community at large. The tools and technologies developed
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throughthisprogramcanbeusedfor humanor animalstudies,countermeasuredevelopmentor
application, and medical care. Generally, the requirements for these tools and technologies are
predicated on the carefully developed needs of the other research teams. These projects should

support the investigation of the effects of space flight on human physiology and behavior; apply
this information toward the development of techniques, technologies, instruments, and

countermeasures that will sustain humans during future long-duration space missions; and

benefit the quality of life and medical care on Earth.

The current program consists of eight multi-disciplinary projects that identify, integrate, and

apply scientific and engineering technology to the research and development needs of the other
NSBRI teams and the entire space flight community working on countermeasures. The currently

funded projects are strongly related to the activities of nine other NSBRI research areas. Details

concerning the current program are provided on the Web site

http://www.nsbri.org/Research/Tech-html.

Focused Research Needs

The objective of this solicitation is to obtain technology and instrumentation development

projects that are complementary to the current research program and that support the needs of the
other NSBRI research areas. Emphasis in all proposals should be on computer control and

automation for ease of operation and speed in conducting the activity. Similarly, all human

sample collecting and monitoring should be minimally invasive or non-contact. All projects
being developed for ultimate space flight must address size, weight, safety, and other dynamic
conditions of space operations. This solicitation will generally focus on projects that deliver a

specific product in a specified period of time, typically one to four years. Proposals will be
expected to be of a maturity equivalent to that of a typical NASA Phase A (Conceptual Design)
study. Proposals should address one of the following needs.

Non-lnvasive Physiological Monitoring. Development of instruments or devices to monitor
vital signs, core body temperature, eye motion, body fluid chemistry, etc. Sensor and sensor
systems for use in long-duration space missions and comparable ground-based research should

be easy to use, non-invasive (or minimally invasive), comfortable to wear, unobtrusive, and non-
interfering with task performance. Particular emphasis should bc placed on flexible and
adaptable devices and systems that can be used for multiple purposes and that automatically
collect and store data.

Automated Assay and Sample Processing Equipment. Development of automated

approaches to carrying out biochemical assays (especially inflight) with minimal operator
intervention. Biochemical assays of cellular function require multiple steps in which cells of
interest are isolated from other cells, incubated with replacement media, exposed to particular

reagents, and then analyzed. There is a generic need for a means of handling samples in which

sequential incubations and washes may be performed both on Earth and in space-based
environments in an automated manner.

Minimally Invasive Automated Sampling Device. Development of devices to collect blood
and other bodily fluids with minimum patient disturbance and discomfort. Frequent
measurement of analytes in blood and other serous fluids can indicate the need for or the
effectiveness of countermeasures. Long term, a noninvasive body-worn device which can

continuously collect and analyze tiny quantities of blood or body fluids would be of extreme
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importance. In the shorterterm, an easy-to-use,non- or minimally invasivemethodof
withdrawingor collectingsuchfluids withouttheproblemsanddiscomfortof frequentblood
drawswouldbeamajoraidto spaceresearch.

IV. Application Procedures for the Opportunity to Participate on a

National Space Biomedical Research Institute Team

Proposals to join an NSBRI research team must comply with the requirements of this research

opportunity as described in this appendix (Appendix C). Appendix E outlines general NASA-
specified requirements for proposal submission and should be used only for clarification of
matters not specifically discussed here. Appendix C supersedes, modifies or extends the
requirements enumerated in Appendix E.

General Instructions

Proposals to join one of the NSBRI's research teams must utilize NSBRI's Internet-based
Electronic Proposal Submission System (EPSS). This system has been designed to enable one or
more investigators to collaborate on the development of a proposal, to retain complete privacy

throughout the proposal development process and to allow fast and accurate proposal
submission. If a proposal is selected for funding, the electronic proposal information will serve
as an active record file, enabling simplified investigator information changes, annual report
submission and NASA Task Book submission.

This electronic submission system automatically prepares and submits a notice of intent to
propose. To assure that the notice of intent is submitted by November 30, 2001, go to the Web

site https://myportal.nsbri.org/myportal.cfm and register to obtain a personal account on the
system. After entering contact information, investigators will receive a username and password
for entry into EPSS and can enter the limited information required for a notice of intent. After
this, the above Web address will serve as the entry point for proposal development and
modification. All information entered, with the exception of the information required for the

notice of intent, will remain private until electronic submission is completed.

Proposal information requested closely follows the information requested by NIH grant
application form PHS 398. This information includes Basic Personal and Institutional
Information, Project Description, Performance Sites, Key Personnel, Investigator Budgets with
Justifications, Other Support, Biographical Sketches, Laboratory Resources, and Research Plan.

A proposal overview screen will guide applicants through the process of completing the required

proposal information. EPSS offers a collaborative work environment for the Principal
Investigator and Co-Investigators to view and submit various portions of the proposal. For

example, the Principal Investigator can enter or upload al___[intbrmation for the proposal. Co-
Investigators can view all proposal information but are permitted to enter only their specific
personal information and their assigned project and budgetary information. All investigators can
allow an administrative support person to act on their behalf, assisting them in the entry of their

proposal information. EPSS will contain an Investigator Profile section, containing biographical
sketches and other information, for each investigator registered in the system. This information

can be used by authorized proposing investigators, eliminating the duplicate entry of such
information.
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Electronicapplicationsmustbesubmittedbefore5:00PM, EST,Thursday,January31, 2002.
After submissionusingEPSS,thePrincipalInvestigatormust mail a printedproposalcover
page,with theappropriateinstitutionalapprovals,to the followingaddresswithin oneweekof
thesubmissiondeadline:

RonaldJ.White,Ph.D.
Attn. NRA O1-OBPR
NSBRI

One Baylor Plaza, NA-425
Houston, TX 77030-3498

(713-798-7412)

Please direct any questions concerning this application procedure to the NSBR1 by calling 713-
798-7412, by faxing your questions to 713-798-7413, or by sending your inquiry to

contact_us@www.nsbri.org. The technical requirements to operate EPSS are Internet Explorer "
4.0+ or Netscape 4.03+ for Windows, Macintosh or Unix. EPSS is best viewed using Internet

Explorer 6.0.

Eligibility - Current Principal Investigators funded by the NSBRI are NOT eligible to propose to
this NRA. In addition, current Team Leaders and Associate Team Leaders are NOT eligible to

serve as Co-Investigators on studies proposed by other Principal Investigators.

Notice of intent - To facilitate planning for the review process, investigators are requested to
submit a notice of intent to propose by using EPSS and following the online instructions. This

non-binding notification should be completed by November 30, 2001.

Budgetary Matters - Budgets are to be prepared according to the instructions provided online
through EPSS. It is expected that the averag__ annual total (direct + indirect) cost of selected
proposals will be between $200,000 and $250,000. In general, the annual total cost of a single

proposal may not exceed $400,000. Investigators should be aware that NSBRI awards require
an institutional contribution to the proposed project (cost sharing) at the level of at least 10%

of the total NSBRI award. This contribution is not to be identified in the submitted project
budget but will be requested at the time the institutional award is made.

Duration of Proposed Research - Proposals may be submitted for a maximum duration of one to
four years funding, with an assumed start date of October 1, 2002. Some applicants may be
invited to initiate their project earlier, from July to September 2002.

Special Ground Facilities - A variety of special ground research facilities, including centrifuge
facilities, bed rest facilities, etc., are available for use by investigators submitting proposals in

response to this NRA. Interested'investigators are referred to the Space L(/e Sciences Ground
Facilities h![ormation Package for instructions on how to incorporate the use of these facilities

into a proposal (see http://research.hq.nasa.gov/code_u/nra/current/N RA-0 I-OBPR-

07/index.html/). The NSBRI will negotiate appropriate use of those facilities on behalf of

selected investigators, but investigators must include the cost of using these facilities in their

proposal.

Special Travel and Reporting Requirements - Principal Investigators selected in response to this
NRA will be expected to attend two, two-day research team meetings each year at a location to
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be determined and one, annual, three- to four-day general investigator workshop/retreat in the
Houston area. Budgets should reflect the costs associated with these meetings and should include
a statement indicating that this travel is a special requirement. Selected investigators will

become part of the NSBRI's intramural research program and will be expected to provide an
annual progress report. Progress is reviewed by the NSBRI's Board of Scientific Counselors. In

addition, investigators will be required to provide annual project information for inclusion in
NASA's Life Sciences Program Tasks and Bibliography. The progress report and Task Book

information will be collected electronically.

Data Management Plan - Most data collected through NSBRI support are required to be placed
in a central Institute data archive. Investigators should plan for delivering their data to the
NSBRI archive as it is collected and should include the cost of such data archiving in their

submitted proposal. If selected, a data management plan, including a list of the data products
and a schedule for their delivery, must be prepared and submitted to the NSBRI. No additional

costs should accompany this plan.

V. Review and Selection Process

Investigators should refer to Appendix A, Section IV, for a description of the review and
selection process. Elements of review and selection unique to the NSBRI are as follows:

Applications will be evaluated for scientific and technical merit and for the likelihood that the
research proposed will have a significant impact on achieving the goals stated in this NRA. The
initial review will be carried out by an appropriate panel of experts who will discuss and provide
a written critique of each proposal. Proposals deemed to be in the competitive range for this
submission will receive a second-level review by the NSBRI scientific program directors to
determine relevancy of the proposed project to the research program in the research area under
consideration. For studies involving human subjects, adequacy of plans to include both genders
and minorities and their subgroups as appropriate for the research goals and plans for subject
recruitment and retention will be taken into account. Applicants should be aware that some

meritorious proposals may not be selected for funding. Selection recommendations, based on
merit score, programmatic relevance, and cost, are prepared by NSBRI management, reviewed
by the NSBRI External Advisory Council, and approved by the NSBRI Board of Directors.
Final selection will be coordinated between the Bioastronautics Research Division at NASA

headquarters and the NSBRI to insure programmatic balance and elimination of duplicate efforts.

Selection will be based on the merit score awarded by the peer review panel, on the

programmatic relevance as determined by NSBRI management, and on cost. The most

important element in the evaluation process is the merit review, which carries the highest weight
in final evaluation and selection. The other factors are approximately equal in weight to each

other. For studies involving human subjects, adequacy of plans to include both genders and
minorities and their subgroups as appropriate for the research goals and plans for subject
recruitment and retention will be taken into account.

Original signed by

Bobby R. AIford, M.D.
Chairman of the Board and CEO
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NSBRI
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APPENDIX D

NRA 01-OBPR-07

Multiple Opportunities for Ground-Based Research

in Space Life Sciences

Technical Description

Opportunity to Participate in the Countermeasure Evaluation and

Validation Project (CEVP)

I. Introduction

The CEVP provides a mechanism for proposing experiments that, in an integrated fashion, will

systematically and scientifically evaluate and validate candidate countermeasures that have

reached a high degree of maturity. Such candidate countermeasures will have been

experimentally tested in scientific studies designed to test their effects on the target system. That

is, they will have completed testing at CRL 6, usually in a ground-based analog of space flight

(See Appendix A, IIl for a discussion of the CRL scale). In the CEVP, they will be evaluated

experimentally using ground-based analogs of space flight to assess their targeted effects, their
side effects, and their interactions with other countermeasures. After evaluation, a candidate

countermeasure may be validated in systematic experiments during actual space flight to assess
- those same factors. This NRA solicits experiments to test proven countermeasures in bed rest

ground studies only (a microgravity analog).

The CEVP functions using a team approach, in which the investigator becomes a member of a

team led by the NASA Johnson Space Center (JSC) that integrates space medicine and space

research expertise resident inside and outside the agency. The CEVP is the final step in a

process in which ideas and concepts emerging from basic research are developed into operational
countermeasures and turned over by researchers to be implemented as part of mission operations.

The CEVP uses a baseline standardized complement of integrated physiological and

psychological tests, termed the Integrated Testing Regimen (ITR), that will be used to examine
candidate CM efficacy and intersystem effects.

II. Focused Investigation Questions and Opportunities Specific to CEVP

The objective of this solicitation is to obtain ground-based, bed rest investigations on human

subjects that are complementary to or that enhance the current complement of countermeasures
of the CEVP. Competitive proposals submitted in response to this NRA MUST be an evaluation

of experimentally proven mature countermeasures that

are at the levels of CRL 7 and 8 (see Appendix A, Section !11). Proposals submitted to

CEVP that do not meet the CEVP CRL requirement may be considered under one of the

other research opportunities of this solicitation.
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• address two primary risk areas: 1) bone loss and/or 2) muscle loss. The strategies

employed in both these areas must balance the requirements to maintain bone and muscle
integrity while minimizing operational costs, such as crew time and extensive hardware

development.
• are focused on the use of currently available flight hardware.

• determine contingency capabilities and protocols designed to minimize deconditioning in the
event CVIS, TVIS and/or iRED are unavailable. Some examples of current contingency

devices are described in section VIII of this appendix.

• use the Integrated Testing Regimen (ITR) as the primary countermeasure evaluation tool.
• consider use of the "small n" statistical tools to minimize the number of subjects (See

Reference 24 in Appendix A).

Information about the CEVP is available from

John N. Evanoff, Ph.D.

NASA Johnson Space Center

Human Adaptation & Countermeasures Office
2101 NASA Road 1, Mail Code SK2

Houston, Texas 77058-3696

Telephone: 281-244-6426
Fax: 281-483-2888

Email: jevanoff@ems.jsc.nasa.gov

Collection of Countermeasure-Unique Data

Use of unique tests, essential to the evaluation of the efficacy of a particular proposed
countermeasure, may be necessary in addition to the standard ITR tests. These tests, expected to
be minimal in number, will be collected on all test subjects and must be well justified by the

investigator in the Research Proposal Form. Countermeasure-unique tests will be of lower

priority than ITR tests for funding and scheduling. Additional ancillary tests, to be completed as

part of the study, but not essential to evaluation of the candidate countermeasure, may be

included in the proposal (and costed in the proposal budgett. The supplementary tests will be

considered as long as they do not confound the primary objective of the study.

Statistical Considerations

Bed rest studies are limited to relatively small subject numbers due to constraints on facilities

and funding. Proposals must address statistical considerations and show how the experimental

results are generalized. Strategies to limit the requirement for control subjects (e.g., use of
"historical" controls from earlier bed rest studies) should be considered in the experimental

design. These and other options and their potential benefits should be presented within the

proposal.

The National Academy of Science's Institute of Medicine recently completed a review of

methodologies for small number clinical trials at the request of NASA. A summary of this

meeting and recommendations may be found on the Web site

http://www.iomedu/lOM/lOMHome.nsf/Pages/smalln- The full text of the Institute of Medicine

report is available online at http://books.nap.edu/catalog/lO078.html.
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Current Protocols using Existing Hardware under Nominal Conditions

Proposals should be focused on the use of currently available flight hardware or minor
derivatives of such hardware. Such research could compare the efficacy of these modified

exercise prescriptions vs. the baseline with the intent of increasing efficacy or minimizing

operati6nal consequences of exercise, such as decreasing crew exercise time requirements.

Studies requiring exercise in bed rest subjects should specify how the exercises are to be

performed in a horizontal position, and any ancillary support equipment that will be required.

Studies requiring augmented instrumentation above what is currently available in the flight

hardware suite [Interim Resistive Exercise Device (iRED), Treadmill with Vibration Isolation

System (TVIS), or Cycle Ergometer Vibration Isolation System (CEVIS)] should clearly specify

these capabilities and define concepts and costs for implementation on the ground.

Submitters should take notice that NASA is working in collaboration with the European Space

Agency (ESA) on countermeasure evaluation studies being conducted at the Institute for Space

Physiology and Medicine (MEDES) facility in Toulouse, France. Both NASA and ESA are

using the ITR as a common measure, and studies will be coordinated. For example, one of the
countermeasures currently undergoing bed rest evaluation at MEDES is evaluating the efficacy

of bisphosphonates as a countermeasure against bone loss. Therefore, studies proposing the use

of bisphosphonates will not be considered.

Regular exercise is planned during all ISS operations. Current exercise capabilities are limited to

the equipment and protocols defined herein and form the basis of NASA's operational exercise

countermeasure program. Exercise prescriptions are tailored to the individual needs of various
crewmembers, but all will follow the guidelines defined herein. Nominally, exercise

prescriptions are developed based on pre-flight physical fitness testing, and these prescriptions
are modified during the mission based on feedback from the crew, operational constraints, or the

results of the monthly in-flight Physical Fitness Exam (PFE) conducted on ISS crew. Exercise

prescription logs are developed by the NASA-JSC Astronaut Strength, Conditioning, and

Rehabilitation (ASCR) group, maintained by the crew, and are downlinked to the ground on a

periodic basis.

The following devices and protocols describe the current ISS exercise regimen:

i) Interim Resistive Exercise Device (iRED) - The iRED hardware (see Figure 3) provides

the ability to perform resistive exercise in a zero gravity environment. The iRED currently
resides in the U.S. Node on the ISS. The iRED is comprised of two main canisters,

containing rubber "flex packs," which provide a selectable range of resistance from 5 to 150

lbs per canister. The resistance is controlled by rotating a hand crank to preload the

flexpacks to the desired resistance, and for loads of 100 pounds or less, adjustability is

provided in increments of 5 pounds resistance at an accuracy of+l pound or _-5% of current

reading, whichever is greater. For resistance greater than 100 pounds, adjustability is in

increments of 10 pounds resistance at an accuracy of _+1 pound or +5% of current reading,

whichever is greater. The canisters may be operated independently or in tandem. A cord

exiting the bottom of each canister provides fbr attachment to a suite of accessories allowing

unilateral or bilateral operations, including a deadlifi bar, squat harness, ankle cuffs, and

handgrips.
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Figure 3. Interim Resistive Exercise Device (iRED)

The iRED supports a number of exercises targeting several major muscle groups. Among

these are squats, deadlifts, heel raises, knee raises, hip abductions, leg curls, bent-over rows,

upright rows, shoulder raises, shoulder presses, bicep curls, tricep extensions, and wrist curls.

The iRED provides both concentric and eccentric capability during exercise, with eccentric

resistance ranging from 40-60% of the concentric resistance. Due to maximal rotation
constraints on the flexpacks, the range-of-motion is limited to 22" for high loads and is

progressively higher as loads decrease.

The prescription for iRED exercises varies according to the unique needs and fitness of
individual crewmembers, the mission phase, availability of other exercise equipment, and

operational and timeline constraints. It is usually updated on a biweekly basis. In general the

prescription is written with the intent to alternate lower body and upper body exercises every
other day and to minimize the iRED reconfiguration time for the crewmember. Table 1 shows

an example of the types of exercise conducted during weekly resistive exercise training

program using the iRED. The bottom of the table shows the various phases of training based
on mission duration (nominally 4 months).

Table 1. Sample week of inflight iRED exercise
Day 1 Day 3 Day 5
deadlifl squat deadlift

bent over rows heel raises bent over rows

straight leg deadlifl straight leg deadlifl slraight leg deadlifl

squat deadlifl squat
heel raises bent over rows heel raises

Day 2 Day 4 Day 6

shoulder press bicep curls shoulder press

rear raises tricep kickbacks lateral raises

front raises upright rows front raises

hip abduction hip flexion hip abduction

hip adduction hip extension hip adduction

2 weeks adaptation 12-15 reps/2-3 sets

4 weeks basic strength 10-12 reps/2-4 sets

5 weeks hypertrophy 8- I 0 reps/2-4 sets

5 weeks strength 6-8 reps/2-4 sets

2) Treadmill with Vibration Isolation System (TVIS) - The TVIS (see .Figure 4) is designed

to provide treadmill exercise in a microgravity environment while mtmmtzmg the structural
loads imparted into the ISS structure during exercise. The treadmill is designed to allow

walking, running, and knee bends: and provides cardiovascular exercise, ambulation

(neuromuscular patterning), axial skeletal loading (heel strike), and endurance exercise of the
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anti-gravitymusculature.Thevibrationisolationsystemis intendedtominimizethetransfer
of dynamicforcescausedby operationof thetreadmillto thestructureof theServiceModule
(SM) andotherpartsof the InternationalSpaceStation(ISS),while at the sametime
maintainingastablerunning/walkingsurface.

The TVIS is programmableand canbe operatedin either motorizedtreadbelt or non-
motorized(passive)modes.Speedrangesfrom 0-10mphin incrementsof 0.1mph. In the
passivemode,theTVISusesthemotorasarequiredresistance.TheSubjectLoadDevice,a
bungeesystemthat attachesto a harnessthat impacts the downwardforce on the
crewmembershipsandshoulders,accommodatesloading.Theloadcanbevariedfrom40%
to 100%total bodyweightdependingon comfortanddesiredworkout. Nominalexercise
usuallyisconductedatthe60-80%loadsetting.Theoperatoris constrainedin theforward/aft
directionby useof theSubjectPositioningDevice,whichprovidesstabilizerbarsattachedto
theTVIS harnessandtheTVISplatform. A recordof theactualexercisespeed,loadsetting,
anddurationwill be recordedontothePCMCIAcardandwill nominallybedownloadedto
thegroundfor evaluation.If theoptionalHeartRateMonitoris worn,heartrateduringthe"
exercisewill alsoberecorded.

As in the iRED, individualprescriptionswill vary; however,nominalTVIS usagewill be
plannedforaminimumof foursessionsperweekandwill becomplementedonalternatedays
with theCycleErgometerVibrationIsolationSystem(CEVIS- seenextsection).A typical
weeklyprescriptionbetweentheTVISandCEVISwouldbeasfollows:

Table 2. Weekly prescription between the TVIS and CEVIS

Day 1

Day 2

Day 3

Day 4

Day 5
Day 6

Day 7

TV[S Interval Training (sprint with walk recovery)

(RPMs & length of recovery will vary based upon crewmembers' fitness levels.)

CEVIS aerobic training and upper limb resistance training

TVIS aerobic training (continuous running)

(Time varies based upon crewmembers' fitness levels. J

Repeat Day 1

Repeat Day 2

Repeat Day 3

Rest or Interval Training

Individual prescriptions for time and distance exercised will vary depending on preflight and

inflight assessments of the crewmember.

Protocols will gain intensity as the mission proceeds. In the final 30 days prior to landing, all
aerobic exercise sessions are scheduled on the treadmill (vs. the CEVIS) to promote re-

adaptation to earth gravity.
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Figure 4. Treadmill with Vibration Isolation System (TVIS)

I Fo_,atd I[ 3tabtlizef (2)

3) Cycle Ergometer with Vibration Isolation System (CEVIS) - The CEVIS (see Figure 5) is
located in the U.S. Laboratory Module and provides a variable resistive load for maintaining

cardiovascular fitness. The CEVIS can provide independent upper and lower limb cyclic

training. The CEVIS is also used for the monthly periodic fitness evaluations. The CEVIS

incorporates a resistive mechanism actuated by a manual control as well as a remote
electronic controller that provides a workload range-from 0 to 350 Watts, described below:

a) Using the manual controller, the CEVIS workload is continuously variable between 0 and

350 Watts for pedal speeds between 30 and 120 revolutions per minute (rpm). Pedal

speeds are adjustable in 5 rpm increments. The workload is displayed during manual

control is adjustable in increments of 25 Watts (-/- 5 Watts).

b) Using the remote electronic controller, the workload may be varied between 25 and 350
Watts, adjustable in discrete units of 1 watt, for pedal speeds between 50 to 120 rpm (+/- 1

rpm).

The nominal prescription for CEVIS is shown in Table 2. A record of the load, speed, and
duration is recorded onto the PCMCIA card and downloaded to the ground for evaluation. If

the optional Heart Rate Monitor is worn, heart rate during the exercise will also be recorded.
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Figure 5. Cycle Ergometer with Vibration Isolation System (CEVIS)

Current contingency exercise capability on ISS

In the event that the nominal ISS exercise equipment (TV1S, CEVIS, or iRED) fails, NASA must

develop and maintain contingency capabilities and protocols designed to minimize

deconditioning experienced while awaiting repairs, To date, the following contingency

capabilities exist:

TVIS failures - there are a number of potential failures for TVIS that would degrade TVIS

performance. Possible failures include the active motor, Subject Load Device, or the tread.
Failure of the motor would require "passive" operation, where the operator drives the tread.

Failure of the Subject Load Device would necessitate a contingency loading mechanism,

such as bungee cords attached to the TVIS harness and 4-point attachment to the TVIS

structure. Complete failure of the TVIS would require an alternate running surface, such as

the Contingency Exercise Surface (CES). The CES is a Teflon-coated aluminum plate that
mounts over the TVIS tread. The user dons slippery booties over their shoes, and then uses

the same accessories as the TVIS for loading and positioning (SLD and the user can

"moonwalk" across the near frictionless surface, emulating a running motion to the

maximum extent possible).

IRED failures - the iRED has multiple failure modes, which also degrade performance. In

the event of failure of one or both of the iRED canisters, the Contingency Resistive Exercise

System (CRES) can be used to provide resistive loading. The CRES is comprised of four

sets of bungee cords. Each set is comprised of a pair of bungees, with each bungee rated up
to 100 lbs at full 36-inch extension; however, at the usual extension (- 22 inches) for squats,

a resistance of 60 lbs is more typical (therefore, squats with four sets of bungees would net

480 lbs resistance at maximum range of motion). The CRES bungees can be installed

individually or in pairs to the iRED footplate and attachments.
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Note that CEVP proposals will be evaluated for their responsiveness to the critical needs
expressed in this NRA. Proposals that are not responsive to these needs will not be selected

for funding.

III. Integrated Testing Regimen

A standardized set of operational, medical, physiological and psychological tests have been

adapted by the CEVP for obtaining systematic measurements before, during, and after space
flight. This complement of tests is called the Integrated Testing Regimen (ITR). The ITR will

be used to examine the efficacy of candidate countermeasures on the target physiological

system(s) as well as to evaluate the side effects and/or interactions of the countermeasures on

non-target systems.

Discipline-specific Integrated Product Teams comprised of flight surgeons, space research

experts, and operations experts will establish success/criteria criteria for physiological

performance measures in each of the target disciplines and will review/update these criteria on a

regular basis. Creation of predetermined, objective ratings of success and failure will facilitate

statistical analysis of a countermeasure's efficacy. Success/failure criteria address functional and

clinical capabilities projected during long-duration space flight and must be evaluated from test
data derived from the CEVP ITR. Given the importance of countermeasure development and

validation to the OBPR objectives, all crewmembers on every long-duration ISS mission will be

requested to participate in either the ITR alone, or the ITR as part of countermeasure validation.

Ground-based ITR testing in conjunction with this solicited bed rest study will be required.

Table 3. Integrated Testing Regimen (ITR) - Primary Evaluation Tool

Test Performed in

Test Description Relation to Bed Rest

Operational Tilt Test Subject will be tested oil the tilt table m supine and standing positions.

Measurements of blood pressure, heart rate, stroke volume, card iac

output and peripheral resis tance are collected.

Bone Densitometry

Functional Neurological
Assessment

Functional Fitness

Isokinetic Muscle Function

Test of Aerobic Capacity:

Cycle Ergometry

Neurocognilive Assessment

(pre - post)

Clinical Lab Assessment Blood and urine are collected lor analysis. (pro - post)

(fasting)

Clinical Nutritional A diet questionnaire is filled out, and height and weight are taken pre-, (,ore - post)

Assessment in-, and post bed rest. Blood, urine and saliva are collected pre and

post bed rest, as well as bone densitometry (DEXA) data.

5 DEXA scans are taken: heel, hip, wrist, whole body and lumbar

spine.

Subject is placed on the posture platform where tests for balance

control and sensory integration are administered.

Exercises used for testing are bench press, crunches, leg press, sit &

reach, push-ups, and pull-ups.

Muscle performance testing will be administered using an isokinetic

dynamometer on back extensors/abdominal, hamstrmgJquadricep and

tibialis anteri or/gastro-soleus groups.

A maximal and submaximal upright cycle test will be administered

The max test will establish a rnax heart rate and V02. The submax test

will establish the protocol for in-flight exercise.

A computer-based test is administered on the Medical Equipment

Computer.

(pre - post)

(pre - post)

(pre - post)

(pre - post)

(pre - in - post)

(pr_' - m - pos t)
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IV. Ground Analog Campaign Description

Research selected through this NRA will be managed under NASA's CEVP, an element of the

NASA Biomedical Research and Countermeasures Program. Under the CEVP, NASA will

provide and support a space flight analog bed rest study for the evaluation of countermeasures

targeting bone and muscle loss. Research that proposes bed rest facilities outside of the CEVP

facility will not be considered.

The CEVP solicits proposals to evaluate mature candidate countermeasures for testing in a bed

rest study. Dependent measures for these studies are defined by the Integrated Testing Regimen

(ITR). Due to the high cost of conducting bed rest studies, proposals selected through this

CEVP NRA may be "teamed" and coordination of the protocols will be performed by

CEVP and the selected investigators. The bed rest study will be performed at a facility

designated by the CEVP, and all subjects participating in countermeasure evaluation

studies will be tested using a ground-based version of the ITR.

CEVP Database for Ground Evaluation Studies

CEVP ITR ground data will be archived in a dedicated CEVP database maintained within the
Life Sciences Data Archive infrastructure at JSC. NASA CEVP Project Management will

strictly control access to test subject data. Data requests for CEVP ground data will be screened

through and approved by a CEVP Review Committee and management configuration control

board. Test subjects will be briefed prior to enrolling in the bed rest campaign, and must sign an

Informed Consent Form allowing sharing of data with CEVP investigators prior to study

enrollment.

Data collected for the CEVP will be coded to assure test subject confidentiality. Protection will

include use of unique codes assigned to each test subject on all paper, electronic, audio, and

videotape data records. Published results may not identify or be able to identify any test subject

unless consent to do so is specifically granted by the test subject.

V. Funding

Since NASA will provide and support the space flight analog infrastructure, including test

subjects, supplies, sample analysis, and the ITR, it is anticipated that the proposing PI costs are

to be minimal. It is expected that a typical ground proposal award will average $120,000

(total annual costs). It is anticipated that only two to four ground-based CEVP proposals

will be funded by this Research Opportunity due to facili_ and funding limitations for bed
rest studies. Because of this limitation, investigators should very carefully review the focus

of this section of the solicitation identified in Section II "Focused Investigation Questions

and Opportunities Specific to CEVP."
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VI. Facilities

Sites that may be used by CEVP for ground-based countermeasure evaluations include the
NASA Ames Research Center Human Research Facility and/or other facilities local to the

NASA Johnson Space Center (JSC). These facilities will provide a core staff of nurses, medical

monitoring personnel, technicians, and dieticians to provide a turn-key, end-to-end capability for

conducting countermeasure evaluation studies using long-duration bed rest as a space flight

analog. In addition, facility personnel will perform the ITR (see Figure 1) on all bed rest

subjects.

VII. Test Duration

Current anticipated dates for the bed rest studies solicited by this NRA will be of 30-90 days in
duration and will be performed in the January - March 2003 and/or June - August 2003

timeframe.

VIII. Application Procedures for Individual Investigations Proposing to the

Countermeasure Evaluation and Validation Project

Instructions for Notice of Intent and Proposal Submission

Proposals for individual investigator grants must comply with the general requirements of this
research opportunity as described in this appendix (Appendix D). Appendix E outlines general
NASA specified requirements for proposal submission, and should be used for clarification and
reference. This appendix supersedes, modifies, or extends the requirements enumerated in

Appendix E.

SYS-EYFUS Registration for All Applicants

SYS-EYFUS is an electronic system used by NASA tleadquarters to manage research

solicitation activity, plan for the receipt of research proposals, track the receipt and peer
evaluation of these proposals, and manage funded research (grants, cooperative agreements, etc.)

sponsored by NASA's Office of Equal Opportunity (Code E), Office of Earth Science (Code Y),
Office of Human Resources & Education Division (Code F), Office of Biological and Physical

Research (Code U), Office of Space Science (Code S), and the Office of Space Flight (Code M).

SYS-EYFUS also supports the funding and administration of awards pursuant to selection of

these research opportunities.

All investigators planning to submit a proposal to this solicitation are requested to register online
with SYS-EYFUS. Comprehensive help, instructions, and contact information are provided
online. SYS-EYFUS can be accessed at the following address:

http://proposals.hq.nasa.gov/

If you have previously registered with SYS-EYFUS, you are requested to verify and update your

user information. If you have forgotten your user ID or password, select the "Forgot Your

Password" option and type in your first and last name to search our database. The system will
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sendanautomaticemailmessagewithyourusernameandpasswordto theemailaddresslistedin
ourdatabase.

Instructions for Preparing a Notice of Intent

All investigators planning to submit a proposal in response to this solicitation are requested to

submit a non-binding Notice of Intent (NOI) to propose by November 30, 2001, via the Web at

the following address:

http://proposals.hq.nasa.gov/proposal.cfm

Login to SYS-EYFUS and select "New Notice of Intent."

The Division Specific Opportunities screen will appear. In the selection window, highlight
Bioastronautics Research Division and click on "Continue."

The List of Existing Opportunities screen will appear. In the selection window, highlight 01-

OBPR-07 and then click on "Continue."

This will bring you to the Notice of Intent submission Form. All fields are required.

a. For the proposal type field on this form, new/no prior support means that the investigator
has not received NASA funding from 1999 through 2001, new/prior support means that

the investigator has received NASA funding between 1999 and 2001, and revised means

that the proposal is a revised version of a proposal submitted to NASA and reviewed
from 1999 through 2001, but not funded. A proposal previously, submitted but not

funded, should be identified as being "revised" even if the original Principal Investigator

has changed for 2002.

Click on "Submit NOI Page."

The Team Member Page screen will appear, where you can add or remove team members.
Select continue if there are no other team members. To add a team member, highlight the

role option on the selection list, type in first and las! name and click on search. When the

resulting set appears, choose the appropriate radio button and click on ADD to add the person
to the NOI. After you are done, click on "Continue." IMPORTANT: If the team member is
not listed in our database, please have them add themselves as a new user to the system. You

may then add them to your team member list.

After continuing from the Team Members Page, your NOI will be displayed. Click on
"Resubmit NOI Page" to complete your NOI submission.

You may edit and resubmit your NOI at any time before the submission deadline of
November 30, 2001. Once you submit an NOI, it cannot be deleted. For title, team member,

or any other changes, please edit your existing NOI and resubmit changes to avoid duplicate

records.

Instructions for the Preparation of Proposals

An original signed proposal, plus twenty (20) complete copies of the proposal, should be mailed
to the address indicated and in the manner described of this document.

All proposals submitted to the Bioastronautics" Biomedical Research and Countermeasures
Program must include the completed cover page form as described in this Appendix. The name

of the Principal Investigator should appear in the upper right hand comer of each page of the

proposal, except on the cover page form where special places are provided for this information.
Note that the proposal must specify the period of performance for the work described: periods of
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performancemaybefor anydurationup to three (3) years but should be suitable for the project

proposed.

The proposal must include the following material, in this order:

(1) Proposal Cover Page: Solicited Proposal Application, including certification of

compliance with U.S. code (if applicable). One signed original required. Please see "How to

Submit Proposal Cover Page Information" below for instructions on how to complete the

proposal cover page information.

(2) Transmittal Letter or Prefatory Material, if any (see Appendix E for details)

(3) Proposal Title Page, with Notice on Restriction on Use and Disclosure of Proposal

Information, if any (see Appendix E for details)

(4) Project Description

The length of the Project Description section of the proposal cannot exceed 20 pages using

regular (12 point) type. Referenced figures must be included in the 20 pages of the Project

Description. The Bibliography section is not considered part of the 20-page project description.

Proposals that exceed the 20-page limit for the project description (22-page limit for revised

proposals; see below) will not be reviewed. The proposal should contain sufficient detail to
enable reviewers to make informed judgments about the overall merit of the proposed research

and about the probability that the investigators will be able to accomplish their stated objectives
with current resources and the resources requested. In addition, the proposal should clearly

indicate the relationship between the proposed work and the research emphases defined in this
Announcement. Reviewers are not required to consider information presented as appendices or

to view and/or consider Web links in their evaluation of the proposal.

New applications, where the investigator has received NASA funding in related fields from 1999
through 2001, must present results and evidence of progress of the associated NASA-supported

research as part of the project description.

Revised applications (revisions of 1999, 2000 or 2001 submissions) must be so designated on the

proposal cover page and explained in the project description. This explanation should be

presented in a separate section of no more that two pages at the beginning of the project

description, and is in addition to the 20 pages allowed for the project description. Related
changes to the research plan should be highlighted in the body of the project description.

Changes within the proposal may be highlighted by appropriate bracketing, indenting, or

changing of typography. Clearly .present any work done since the prior version was submitted.

Revised applications that do not address the criticisms in the previous review' will be

considered unresponsive and will be returned without review.

(5) Management Approach

Each proposal must specify a single Principal Investigator who is responsible for carrying out the

proposed project and coordinating the work of other personnel involved in the prqject. In

proposals that designate several senior professionals as key participants in the research project.

the management approach section should define the roles and responsibilities of each participant
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andnotetheproportionof eachindividual'stimeto bedevotedto theproposedresearchactivity.
The proposal must clearly and unambiguously state whether these key personnel have reviewed

the proposal and endorsed their participation.

(6) Personnel / Biographical Sketches

The biographical sketch for each investigator should not exceed two pages. If the list of

qualifications and publications exceeds two pages, select the most pertinent information (see

Appendix E for details).

(7) Other Support (see Appendix E for details)

(8) Facilities and Equipment (see Appendix E for details)

(9) Special Matters (specific information on animal or human subjects protocol approval

required, if applicable)

The Special Matters section must contain a statement from the investigator's institution that

states that the proposed work will meet all Federal and local human subject requirements and

animal care and use requirements, if applicable. Note that no animal subjects may be utilized

unless specific information justifying and describing their use is included in the proposal.

Policies regarding the protection of human research subjects in NASA-sponsored research are
detailed in NASA Management Instruction (NMI) 7100.8B (Protection of Human Research

Subjects), and animal care and use requirements are detailed in the NASA Code of Federal

Regulations (CFR) 1232 (Care and Use of Animals in the Conduct of NASA Activities), both of
which are available from the Office of Biological and Physical Research, Code UB, NASA

Headquarters, Washington, DC 20546. Assurance of compliance with human subject or animal

care provisions is required on Form A, to be submitted with each proposal. In addition, a letter

signed by the chairperson of the Institutional Review Board (IRB) or Institutional Animal Care
and Use Committee (IACUC), or both, as appropriate, rcgarding approval of the experimental

protocol, should be included with each copy of the proposal. If IRB or IACUC review is
unavoidably delayed beyond the submission of the application, enter "Pending" on Line 9b or

10a of Form A, and be advised that the certification must bc received within 60 days after the

due date for which the application is submitted. If certification is not received within 60 days

after the application due date, the application will be considered incomplete, and will not be
reviewed. NASA shall require current IRB or IACUC certification prior to each year's award.

All U.S., non-NASA proposals providing IACUC approval must also contain the institution's
Public Health Assurance number.

(10) Detailed Budget

NASA is expected to be operating on the basis of full cost accounting as soon as possible,

including all Civil Service salaries with overhead. In the interim period, proposals should use

the accounting method authorized at their institutions at the time proposals are due and for the

entire proposed period of performance. Funds to support the Resident Research Assistant (RRA)
Postdoctoral Program costs (e.g., stipend, travel, computer time, supplies, etc.) are to be

budgeted within the NASA intramural Principal Investigator budget.
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Thebudgetmustincludetravelfundsfor thePrincipalInvestigatorto attenda biannualBR&C
PrincipalInvestigatormeeting. If othertravel is planned,theproposalbudgetshouldinclude
appropriatetravel fundsfor visits to NASA field centers(asappropriate)andpresentationof
findingsatprofessionalsocietymeetings.

(11)SupportingBudgetaryInformation

In this solicitation, the terms "cost" and "budget" are used synonymously. Sufficient proposal

cost detail and supporting information are required; funding amounts proposed with no

explanation (e.g., Equipment: $1,000, or Labor: $6,000) may cause delays in evaluation and

award. Generally, costs will be evaluated for realism, reasonableness, allowability, and

allocation. The budgetary forms define the desired detail, but each category should be explained
in this section. Offerors should exercise prudent judgment in determining what to include in the

proposal, as the amount of detail necessarily varies with the complexity of the proposal.

The following examples indicate the suggested method of preparing a cost breakdown:

Direct Labor
Labor costs should be segregated by titles or disciplines with estimated hours and rates for each.
Estimates should include a basis of estimate, such as currently paid rates or outstanding offers to

prospective employees. This format allows the Government to assess cost reasonableness by
various means including comparison to similar skills at other organizations.

Other Direct Costs

Please detail, explain, and substantiate other significant cost categories as described below:

Subcontracts: Describe the work to be contracted, estimated amount, recipient (if known), and

the reason for subcontracting.
Consultants: Identify consultants to be used, why they are necessary, the time they will spend on

the project, and the rates of pay (not to exceed the equivalent of the daily rate for Level 1V of the
Executive Schedule, exclusive of expenses and indirect costs).

Equipment: List separately. Explain the need for items costing more than $5,000. Describe
basis for estimated cost. General purpose equipment is not allowable as a direct cost unless

specifically approved by the NASA Grant Officer. Any equipment purchase requested as a
direct charge must include the equipment description, how it will be used in the conduct of the

basic research proposed, and why it cannot be purchased with indirect funds.

Supplies: Provide general categories of needed supplies, the method of acquisition, and

estimated cost.
Travel: Describe the purpose of the proposed travel in relation to the grant and provide the basis

of estimate, including information on destination and number of travelers (if known).
Other: Enter the total of direct costs not covered previously. Attach an itemized list explaining

the need for each item and the basis for the estimate.

Indirect Costs
Indirect costs should be explained to an extent that will allow the Government to understand the

basis for the estimate. Examples of prior year historical rates, current variances from those rates,

or an explanation of other basis of estimates should be included. Where costs are based on

allocation percentages or dollar rates, an explanation of rate and application base relationships
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shouldbegiven. Forexample,thebaseto whichtheGeneralandAdministrative(G&A) rateis
appliedcouldbeexplainedas: applicationbaseequalstotalcostsbeforeG&A lesssubcontracts.

All awardsmadeasa resultof thisNRA will be fundedasgrants.However,while proposals
submittedby"for profit" organizationsareallowed,theycannotincludea"fee."

(12) Appendices,if any (reviewersare not requiredto considerinformationpresentedin
appendices)

How to Submit Proposal Cover Page Information:

All investigators planning to submit a proposal in response to this solicitation must electronically

submit proposal cover page information online and provide a hard copy of the cover page
attached to each proposal copy by January 31, 2002. The proposal cover page can be submitted

and printed via the Web at the following address:

http://proposais.hq.nasa.gov/proposal.cfm

• Login to SYS-EYFUS.
• To submit a New Proposal Cover Page, click the "New Proposal Cover Page" option from

the SYS-EYFUS Options screen, and the New Proposals Cover Page screen will appear.

• If you previously submitted an NOI in response to this solicitation, choose to carry over the
existing NOI. This option will populate the cover page fields with the NOI information. Edit
the information as necessary, click "Continue" and proceed to the instructions for the

Proposal Cover Sheet Submission Form below.

• If you did not previously submit an NO1, click on New Proposal Cover Page option, and the

Division Specific Opportunities screen will appear.

• In the selection window, highlight Bioastronautics Research Division and click on
"Continue."

• The List of Existing Opportunities screen will appear. In the selection window, highlight 01-

OBPR-07 and then click on "Continue."

• This will bring you to the Proposal Cover Page Submission Form. Fill in all the fields. All

fields are required.
For the proposal type field on this form, new/no prior support means that the investigator has
not received NASA funding from 1999 through 2001, new/prior support means that the

investigator has received NASA funding between 1999 and 2001, and revised means that the

proposal is a revised version of a proposal submitted to NASA and reviewed from 1999
through 2001, but not funded. A proposal previously submitted but not funded, should be

identified as being "revised" even if the original Principal Investigator has changed for 2002.
Click on "Continue."

• The Team Member Page screen will appear, where you can add or remove team members.
Select continue if there are no other team members. To add a team member, highlight the

role option on the selection list, type in first and last name and click on search. When the

resulting set appears, choose the appropriate radio button and click on ADD to add the person

to the proposal. After you are done, click on "Continue." IMPORTANT: If the team
member is not listed in our database, please have them add themselves as a new user to the

system. You may then add them to your team member list.

• After continuing from the Team Member Page, the Proposal Options Page appears.
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• Pleasefill out thebudgetformbyclickingonthe"Budget"button,filling inprojectcosts,
andclicking"Continue."Thiswill bringyouto theProposalBudgetReviewPage.Click
"Continue"if theinformationiscorrect.

• Afterverifyingyourbudgetinformation,youwill bereturnedto theProposalOptionsPage.
Clickthe"Show/Print"button.

• At the Page entitled Proposal Information Item List click "Continue" to preview your

Proposal Cover Page. Print the cover page from your Internet browser once you have
reviewed the information. The cover page must be signed by both the Principal Investigator

and the authorizing official and attached to the font of your proposal before submission of

hard copies to NASA.

• You may edit and resubmit your proposal cover page at any time before the submission

deadline of January 31, 2002. Please note that once you submit a proposal cover page, it
cannot be deleted. For title, team member, budget or any other changes, please edit your

existing proposal cover page and resubmit changes to avoid duplicate records.

• One (1) signed original and twenty (20) copies of the proposal must be received by 5:00 PM

on January 31, 2002, at the following address:
NASA Peer Review Services

Subject: 0 I-OBPR-07
500 E Street SW, Suite 200

Washington, DC 20024

CEVP proposals submitted by investigators from the International Space Life Sciences Working

Group Agencies' (ISLSWG) members and approved for funding by the ISLSWG member

agencies will be reviewed. U.S. co-investigators who are collaborating on such proposals with
non-U.S, entities must ensure that their scientific role is clearly delineated in the proposal, that

their expertise is shown to make a substantial contribution, and that their funding requirements

are included in the proposal. Any proposals from non-U.S, entity must be endorsed by the

respective government agency or funding/sponsoring institution in that country from which the
non-U.S, participant is proposing. Such endorsement should indicate that the proposal merits

careful consideration by NASA, and if the proposal is selected, sufficient funds will be made

available to undertake the activity as proposed. This Letter of Endorsement from the sponsoring

non-U.S, government agency or funding/sponsoring institution should be forwarded along with

the proposal.

IX. Evaluation and Selection Process

Investigators should refer to Appendix A, Section IV, for a description of the review and
selection process. Elements of review and selection unique to the CEVP are as follows:

Upon receipt, proposals will be reviewed for compliance with the requirements of this NRA.

Information resulting from the four levels of review noted below will, in turn, be used tbr

making a selection recommendation by CEVP Science Managers for each of the program
elements described in this NRA. This recommendation will be based on

1. Operational Relevance/Feasibility of Implementation
2. Countermeasure maturity/Scientific pedigree
3. Scientific or technical merit review score from the peer review panel
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4. Programmaticcostof eachproposal

The mostimportantelementin the evaluationprocessis themerit review,which carriesthe
highestweight in final evaluationandselection.Theotherfactorsareapproximatelyequalin
weightto eachother. Fundingdeterminationwill bemadebytheDirectorof theBioastronautics
ResearchDivision at NASA Headquartersfor thoseproposalsrecommendedby the CEVP
ScienceManagers.
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APPENDIX E

NRA 01-OBPR-07

Instructions for Responding to NASA Research NRAs
NFS 1852.235-72

(a) General.

(1) Proposals received in response to a NASA Research Announcement (NRA) will be used only for

evaluation purposes. NASA does not allow a proposal, the contents of which are not available without

restriction from another source, or any unique ideas submitted in response to an NRA to be used as the

basis of a solicitation or in negotiation with other organizations, nor is a pre-award synopsis published or

individual proposals.

(2) A solicited proposal that results in a NASA award becomes part of the record of that transaction

and may be available to the public on specific request; however, information or material th at NASA and the

awardee mutually agree to be of a privileged nature will be held in confidence to the extent permitted by

law, including the Freedom of Information Act

(3) NRAs contain programmatic information and certain requirements which apply only to proposals

prepared in response to that particular announcement. These instructions contain the general proposal

preparation information which applies to responses to all NRAs.

(4) A contract, grant, cooperative agreement, or other agreernent may be used to accomplish an eftbrt

funded in response to an NRA. NASA will determine the appropriate instrument. Contracts resulting from

NRAs are subject to the Federal Acquisition Regulation and the NASA FAR Supplement. Any resultant

grants or cooperative agreements will be awarded and administered in accordance with the NASA Grant

and Cooperative Agreement Handbook (NPG 5800.1).

(5) NASA does not have mandatory forms or formats for responses to NRAs; however, it is requested

that proposals conform to the guidelines in these instructions. NASA may accept proposals without

discussion: hence, proposals should initially be as complete as possible and be submitted on the proposers'

most favorable terms.

(61 To be considered for award, a submission must, at a rninimum, present a specific project within

the areas delineated by the NRA; contain sufficient technical and cost reformation to permit a meaningful

evaluation; be signed by an official authorized to legally bind the submitting organization: not merely offer

to perform standard services or to just provide computer facthttes or services: and not significantly

duplicate a more specific current or pending NASA solicitation

(b) NRA-Specific Items. Several proposal submission items appear in the NRA itself: the unique NRA identifier:

when to submit proposals; where to send proposals; number of copies required: and sources tot more information.

Items included in these instructions may be supplemented by the NRA.

(el The tbllowing information is needed to permit consideration in an objective manner. NRAs will generally

specify topics for which additional intbrmation or greater detail is desirable. Each proposal copy shall contain all

submitted material, including a copy of the transmittal letter if it contains substantive intormation.

(I) Transmittal Letter or Prefatory Material.

(i) The legal name and address of the organization and specific division or campus

identification if part of a larger organization:

(ii) A brief, scientifically valid project title intelligible to a scientifically literate reader and

suitable for use in the public press;

[iii) Type of organization: e.g., profit, nonprofit, educational, small business, minority,

women-owned, etc. :
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(iv) Nameandtelephonenumberof theprincipalinvestigatorandbusinesspersonnelwho
maybecontactedduringevaluationornegotiation;

(v) Identificationofotherorganizationsthatarecurrentlyevaluatingaproposalforthesame
efforts;

(vi) IdentificationoftheNRA,bynumberandtitle,towhichtheproposalisresponding;
(vii) Dollaramountrequested,desiredstartingdate,anddurationofproject;
(viii) Dateofsubmission;and
(ix) Signatureofaresponsibleofficialorauthorizedrepresentativeoftheorganization,orany

otherpersonauthorizedtolegallybindtheorganization(unlessthesignatureappearson
theproposalitself).

(2) RestrictiononUseandDisclosureofProposalInformation.Informationcontainedinproposalsis
usedforevaluationpurposesonly.Offerorsorquotersshould,inordertomaximizeprotectionoftrade
secretsorotherinformationthatisconfidentialorprivileged,placethefollowingnoticeonthetitlepageof
theproposalandspecifytheinformationsubjecttothenoticebyinsertinganappropriateidentificationin
thenotice.Inanyevent,informationcontainedinproposalswillbeprotectedtotheextentpermittedby
law,butNASAassumesnoliabilityforuseanddisclosureofinformationnotmadesubjecttothenotice.

Notice" Restriction on Use and Disclosure of Proposal

Information

The information (data) contained in [insert page numbers or other identification] of this proposal constitutes a

trade secret and/or information that is commercial or financial and confidential or privileged. It is furnished to the

Government in confidence with the understanding that it will not, without permission of the offeror, be used or

disclosed other than for evaluation purposes; provided, however, that in the event a contract (or other agreementl is

awarded on the basis of this proposal the Government shall have the right to use and disclose this information (data)

to the extent provided in the contract (or other agreement). This restriction does not limit the Government's right to

use or disclose this information (data) if obtained from another source without restriction.

(3) Abstract. Include a concise (200-300 word if not otherwise specified in the NRA) abstract describing

the ob)ective and the method of approach

(4) Project Description.

(i) The main body of the proposal shall be a detailed staternent of the work to be undertaken and

should include objectives and expected significance; relation to the present state of knowledge: and

relation to previous work done on tile proiect and to related work in progress elsewhere. The

statement should outline tile plan of work, including the broad design of experiments to be

undertaken and a description of experimental methods and procedures. The proiect description

should address the evaluation factors in these instructions and any specific factors in the NRA.

Any substantial collaboration with individuals not referred to in the budget or use of consultants

should be described. Subcontracting significant portions of a research project is discouraged.

(ii) When it is expected that the effort will require rnore than one year, the proposal should cover the

complete project to the extent that it can be reasonably anticipated. Principal emphasis should be

on the first year of work, and the description should distinguish clearly between the first year's

work and work planned for subsequent years.

(5) Management Approach. For large or complex eflbrts involving interactions among numerous

individuals or other organizations, plans for distribution of responsibilities and arrangements for

ensuring a coordinated ef[brt should be described.

(6) Personnel. The principal investigator is responsible for supervision of the work and participates in the

conduct of the research regardless of whether or not compensated under the award A short

biographical sketch of the principal investigator, a list of principal publications and any exceptional

qualifications should be included. Omit social security number and other personal items which do not

merit consideration in evaluation of the proposal. Give similar biographical inforrnation on other senior

professional personnel who will be directly associated with the project. Give the names and titles of

any other scientists and technical personnel associated substantially ,_ith the project in an advisory

capacity. Universities should list the approxirnale number of students or other assistants, together _,_ith
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(d)

information as to their level of academic attainment. Any special industry-university cooperative

arrangements should be described.

(7) Facilities and Equipment.

(i) Describe available facilities and major items of equipment especially adapted or suited to

the proposed project, and any additional major equipment that will be required. Identify

any Government-owned facilities, industrial plant equipment, or special tooling that are

proposed for use. Include evidence of its availability and the cognizant Government

points of contact.

(ii) Before requesting a major item of capital equipment, the proposer should determine if

sharing or loan of equipment already within the organization is a feasible alternative.

Where such arrangements cannot be made, the proposal should so state. The need for

items that typically can be used for research and non-research purposes should be

explained.

(8) Proposed Costs (U.S. Proposals Only).

(i) Proposals should contain cost and technical parts in one volume: do not use separate

"confidential" salary pages. As applicable, include separate cost estimates for salaries

and wages; fringe benefits; equipment; expendable materials and supplies: services;

domestic and foreign travel; ADP expenses; publication or page charges; consultants;

subcontracts; other miscellaneous identifiable direct costs: and indirect costs. List

salaries and wages in appropriate organizational categories (e.g., principal investigator,

other scientific and engineering professionals, graduate students, research assistants, and

technicians and other non-pro[essional personnel). Estimate all staffing data in terms of

staff-months or fractions of full-time.

(ii) Explanatory notes should accompany the cos! proposal to provide identification and

estimated cost of major capital equipment items to be acquired; purpose and estimated

number and lengths of trips planned: basis tbr indirect cost computation (including date

of most recent negotiation and cognizant agencyJ; and clarification of other items in the

cost proposal that are not self-evident. List estimated expenses as yearly requirements by

major work phases.

(iii) Allowable costs are governed by FAR Part 31 and the NASA FAR Supplement Part 1831

(and OMB Circulars A-21 for educational institutions and A-122 for nonprofit

organizations).

(iv) Use of NASA funds--NASA funding may not be used for tbreign research efforts at any

level, whether as a collaborator or a subcontract. The direct purchase of supplies and/or

services, which do not constitute research, from non-U.S, sources by U.S. award

recipients is permitted. Additionally, in accordance with the National Space

Transportation Policy, use of a non-U.S, manufactured launch vehicle is permitted only

on a no-exchange-of-funds basis.

(9) Security. Proposals should not contain security-classified material, lfthe research requires access

to or may generate security-classified information, the submitter will be required to comply with

Government security regulations.

(10) Current Support. For other current projects being conducted by the principal investigator, provide

title of project, sponsoring agency, and ending date.

( I 1) Special Matters.

ti) Include any required statements of environmental impact of the research, human subject

or animal care provisions, conflict of interest, or on such other topics as may be required

by the nature of the eftbrt and current statutes, executive orders, or other current

Government-wide guidelines.

(ii) Proposers should include a brief description of the organization, its facilities, and

previous work experience in the field of the proposal. Identify the cognizant Government

audit agency, inspection agency, and administrative contracting officer, when applicable.

Renewal Proposals.

(I) Renewal proposals for existing av,'ards will be considered in the same manner as proposals for

new endeavors. A renewal proposal should not repeat all of the information that was in the original

proposal. The renewal proposal should refer to ils predecessor, update the parts that are no longer current.
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and indicate what elements of the research are expected to be covered during the period for which support

is desired. A description of any significant findings since the most recent progress report should be

included. The renewal proposal should treat, in reasonable detail, the plans for the next period, contain a

cost estimate, and otherwise adhere to these instructions.

(2) NASA may renew an effort either through amendment of an existing contract or by a new award.

(e) Length. Unless otherwise specified in the NRA, effort should be made to keep proposals as brief as possible,

concentrating on substantive material. Few proposals need exceed 15-20 pages. Necessary detailed information,

such as reprints, should be included as attachments. A complete set of attachments is necessary for each copy of the

proposal. As proposals are not returned, avoid use o f"one-of-a-kind" attachments.

(f) Joint Proposals.
( I ) Where multiple organizations are involved, the proposal may be submitted by only one of them. It

should clearly describe the role to be played by the other organizations and indicate the legal and

managerial arrangements contemplated. In other instances, simultaneous submission of related proposals

from each organization might be appropriate, in which case parallel awards would be made.

(2) Where a project of a cooperative nature with NASA is contemplated, describe the contributions

expected from any participating NASA investigator and agency facilities or equipment which may be

required. The proposal must be confined only to that which the proposing organization can commit itself.

"Joint" proposals which specit_ the internal arrangements NASA will actually make are not acceptable as a

means of establishing an agency commitment.

(g,_ Late Proposals. Proposals or proposal modifications received after the latesl date specified for receipt may be

considered if a significant reduction in cost to the Government is probable or if there are significant technical

advantages, as compared with proposals previously received.

(h) Withdrawal. Proposals may be withdrawn by the proposer at any time before award. Offerors are requested to

notify NASA if the proposal is funded by another organization or of other changed circumstances which dictate

termination of evaluation.

(i) Evaluation Factors.

(I) Unless otherwise specified in the NRA, the principal elements (of approximately equal weightl

considered in evaluating a proposal are its relevance to NASA's obJectives, intrinsic merit, and cost.

(2t Evaluation of a proposal's relevance to NASA's objectives includes the consideration of tile

potential contribution of the effort to NASA's mission

13) Evaluation of its intrinsic merit includes the consideration of the following factors of equal

importance:
(i_ Overall scientific or technical merit of the proposal or unique and innovative methods,

approaches, or concepts demonstrated by the proposal

(ii) Offeror's capabilities, related experience, facilities, techniques, or unique combinations

of these which are integral factors for achieving the proposal objectives.

(iii_ The qualifications, capabilities, and experience of the proposed principal investigator,

team leader, or key personnel critical in achieving the proposal objectives.

(iv) Overall standing among similar proposals and/or evaluation against tile state-of-the-art.

(41 Evaluation of the cost of a proposed effort may include the realism and reasonableness of the

proposed cost and available fu nds.

{j/ Evaluation Techniques. Selection decisions will be made following peer and/or scientific review of the

proposals. Several evaluation techniques are regularly used within NASA. In all cases, proposals are subject to

scientific review' bv discipline specialists m the area of tile proposal. Some proposals are reviewed entirely in-

house; others are evaluated by a combination o[" in-house and selected external reviewers: while yet others are

subject to the full external peer review' technique (with due regard for conflict-of-interest and protection of proposal

information), such as by mail or through assembled panels. Tile final decisions are made by a NASA selecting

official. A proposal which is scientifically and programmatically meritorious, but not selected for award during its

initial review, may hc included in subsequent reviews unless the proposer requesls otherwise.
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(k) Selection for Award.

(1) When a proposal is not selected for award, the proposer will be notified. NASA will explain

generally why the proposal was not selected. Proposers desiring additional information may contact the

selecting official who will arrange a debriefing.

(2) When a proposal is selected for award, negotiation and award will be handled by the procurement

office in the funding installation. The proposal is used as the basis for negotiation. The contracting officer

may request certain business data and may forward a model award instrument and other information

pertinent to negotiation.

(1) Additional Guidelines Applicable to Foreign Proposals and Proposals Including Foreign Participation.

Only ground-based proposals submitted in response to this NRA from U.S. entities, or from non-U.S, entities that

involve substantive co-investigator collaboration from a U.S. entity, will be reviewed. U.S. co-investigators who are

collaborating on such proposals with non-U.S, entities must ensure that their scientific role is clearly delineated in

the proposal, that their expertise is shown to make a substantial contribution, and that their funding requirements are

included in the proposal. Proposals from non-U.S, entities with significant co-investigator collaboration from a U.S.

entity must be endorsed by the respective government agency or funding/sponsoring institution in that country from

which the non-U.S, participant is proposing. Such endorsement should indicate that the proposal merits careful

consideration by NASA, and if the proposal is selected, sufficient funds will be made available to undertake the

activity as proposed. This Letter of Endorsement from the sponsoring non-U.S, government agency or

tunding/sponsoring institution should be forwarded along with the proposal.

All proposals from non-U.S, entities which involve substantive co-investigator collaboration from a U.S. entity must

be typewritten in English and comply with all other submission requirements stated in this NRA. These proposals

will undergo the same evaluation and selection process as those originating m the U.S. All proposals must be

received before the established closing date. Sponsoring foreign government agencies or funding institutions for

proposals from non-U.S, entities meeting the above guidelines may, in exceptional situations, forward a proposal
without endorsement to the above address if endorsement is not possible betbre the announced closing date. In such

cases, the NASA sponsoring office should be advised when a decision on endorsement can be expected.

Successful and unsuccessful non-U.S, proposers will be contacted directly by the NASA sponsoring office. Copies

of these letters will be sent to the sponsoring government agency or funding institution. Should a non-U.S, proposal

with significant U.S. participation be selected, NASA's Office of External Relations will arrange with the foreign

sponsoring agency or funding institution for the proposed participation on a non-exchange-of-funds basis, in which

NASA and the non-U.S, sponsoring agency or funding institution wilt each bear the cost of discharging their

respective responsibilities.

Depending on the nature and extent of'the proposed cooperation, this arrangement may entail:

( I ) a letter of notification by NASA;

(2) an exchange of letters between NASA and the sponsoring foreign governmental agency; or

(3) a formal Agency-to-Agency Memorandum of Understanding (MOU/.

Export Control Guidelines Applicable to Foreign Proposals and Proposals Including Foreign Participation.

Proposals including foreign participation must include a section discussing compliance with U.S. export laws and

regulations, e.g., 22 CFR Parts 120-130 and 15 CFR Parts 730-774, as applicable to the circumstances surrounding

the particular foreign participation. The discussion must describe in detail the proposed foreign participation and is

to include, but not be limited to, whether or not the tbreign participation may require the prospective proposer to

obtain the prior approval of the Department of State or the Department of Commerce via a technical assistance

agreement or an export license, or whether a license exemption/exception may apply, lfprior approvals via licenses

are necessary, discuss whether the license has been applied for or if not, the projected timing of the application and

any implications for the schedule. Information regarding U.S. export regulations is available at

http://www.pmdtc.org and http://www.bxa.doc.gov. Proposers are advised that under U.S. la_ and regulations,

spacecraft and their specifically designed, modified, or configured systems, components, and parts are generally
considered "'Defense Articles" on the United States Munitions List and subject to the provisions of the International

Traffic in Arms Regulations IITAR), 22 CFR Parts 120-130.
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(m) Cancellation of NRA. NASA reserves the right to make no awards under this NRA and to cancel this NRA.
NASA assumes no liability for canceling the NRA or for anyone's failure to receive actual notice of cancellation.
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CERTIFICATION REGARDING DEBARMENT, SUSPENSION, AND OTHER
RESPONSIBILITY MATTERS

PRIMAR Y COVERED TRANSACTIONS

This certification is required by the regulations implementing Executive Order 12549,

Debarment and Suspension, 14 CFR Part 1269.

A. The applicant certifies that it and its principals:

(a) Are not presently debarred, suspended, proposed for debarment, declared ineligible, or
voluntarily excluded from covered transactions by any Federal department or agency;

(b) Have not within a three-year period preceding this application been convicted or had a

civil judgment rendered against them for commission of fraud or a criminal offense in
connection with obtaining, attempting to obtain, or performing a public (Federal, State, or

Local) transaction or contract under a public transaction: violation of Federal or State
antitrust statutes or commission of embezzlement, theft, forgery, bribery, falsification or

destruction of records, making false statements, or receiving stolen property;

<c) Are not presently indicted for or otherwise criminally or civilly charged by a government

entity (Federal, State, or Local) with commission of any of the offenses enumerated in

paragraph A.(b) of this certification; and

(d) Have not within a three-year period preceding this application/proposal had one or more

public transactions (Federal, State, or Local) terminated for cause or default; and

B. Where the applicant is unable to certify to any of the statements in this certification, he or she

shall attach an explanation to this application.

C. Certification Regarding Debarment, Suspension, Ineligibility and Voluntary Exclusion -
Lowered Tier Covered Transactions (Subgrants or Subcontracts)

a) The prospective lower tier participant certifies, by submission of this proposal, that
neither it nor its principles is presently debarred, suspended, proposed for debarment,

declared ineligible, or voluntarily excluded from participation in this transaction by any

federal department of agency.

b) Where the prospective lower tier participant is unable to certify to any of the statements

in this certification, such prospective participant shall attach an explanation to this

proposal.

This page has been included for your information.
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CERTIFICATION REGARDING

LOBBYING

As required by S 1352 Title 31 of the U.S. Code for persons entering into a grant or cooperative

agreement over $100,000, the applicant certifies that:

(a) No Federal appropriated funds have been paid or will be paid by or on behalf of the

undersigned, to any person for influencing or attempting to influence an officer or employee of

any agency, a Member of Congress, in connection with making of any Federal grant, the entering

into of any cooperative, and the extension, continuation, renewal, amendment, or modification of

any Federal grant or cooperative agreement;

(b) If any funds other than Federal appropriated funds have been paid or will be paid to any

person for influencing or attempting an officer or employee of any agency, Member of Congress,
an or an employee of a Member of Congress in connection with this Federal grant or cooperative

agreement, the undersigned shall complete Standard Form - LLL, "Disclosure Form to Report

Lobbying," in accordance with its instructions.

(c) The undersigned shall require that the language of this certification be included in the award
documents for all subawards at all tiers (including subgrants, contracts under grants and

cooperative agreements, and subcontracts), and that all subrecipients shall certify and disclose

accordingly.

This certification is a material representation of fact upon which reliance was placed when this
transaction was made or entered into. Submission of this certification is a prerequisite for

making or entering into this transaction imposed by S1352, title 31, U.S. Code. Any person who

fails to file the required certification shall be subject to a civil penalty of not less than $10,000
and not more than $100,000 for each such failure.

This page has been included for your information.
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CERTIFICATION OF COMPLIANCE WITH THE NASA REGULATIONS PURSUANT
TO

NONDISCRIMINATION IN FEDERALLY ASSISTED PROGRAMS

The (Institution, corporation, firm, or other organization on whose behalf this assurance is

signed, hereinafter called "Applicant") hereby agrees that it will comply with Title VI of the

Civil Rights Act of 1964 (P.L. 88-352), Title IX of the Education Amendments of 1962 (20 U.S.

1680 et seq.), Section 504 of the Rehabilitation Act of 1973, as amended (29 U.S. 794), and the

Age Discrimination Act of 1975 (42 U.S. 16101 et seq.), and all requirements imposed by or

pursuant to the Regulation of the National Aeronautics and Space Administration (14 CFR Part
1250) (hereinafter called "NASA") issued pursuant to these laws, to the end that in accordance

with these laws and regulations, no person in the United States shall, on the basis of race, color,

national origin, sex, handicapped condition, or age be excluded from participating in, be denied

the benefits of, or be otherwise subjected to discrimination under any program or activity for+

which the Applicant receives federal financial assistance from NASA; and hereby give assurance
that it will immediately take any measure necessary to effectuate this agreement.

If any real property or structure thereon is provided or improved with the aid of federal financial
assistance extended to the Applicant by NASA, this assurance shall obligate the Applicant, or in

the case of any transfer of such property, any transferee, for the period during which the real

property or structure is used for a purpose for which the federal financial assistance is extended

or for another purpose involving the provision of similar services or benefits. If any personal

property is so provided, this assurance shall obligate the Applicant for the period during which
the federal financial assistance is extended to it by NASA.

This assurance is given in consideration of and for the purpose of obtaining any and all federal

grants, loans, contracts, property, discounts, or other federal financial assistance extended after
the date hereof to the Applicant by NASA, including installment payments after such date on

account of applications for federal financial assistance which were approved before such date.

The Applicant recognized and agrees that such federal financial assistance will be extended in
reliance on the representations and agreements made in this assurance, and the United States

shall have the right to seek judicial enforcement of this assurance. His assurance is binding on

the Applicant, its successors, transferees, and assignees, and the person or persons whose

signatures appear below are authorized to sign on behalf of the Applicant.

This page has been included for your information.
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NSBRI AREA:
PRINCIPAL INVESTIGATOR:
ORGANIZATION:
PROJECT:

Educationand Public Outreach
Patrick J. Gannon,Ph.D.
Mount Sinai Schoolof Medicine
Defying Gravity: Enduring Life in Space

Project Executive Summary

The 1996 National Science Education Standards (NSES) reported that scientific literacy has

become increasingly important in the US workplace where people are more often required to

learn, reason, think creatively, make informed, decisions and solve problems. However, results
of the 3rd International Mathematics and Science .Survey reported a marked decline in science

and mathematical knowledge from 8th-12th grades in the US compared to an international

average of 41 countries, many of which have invested in creation of a scientifically literate
workforce. As such, we have chosen to focus our science educational outreach efforts on the 9th

grade, which we consider to represent a potentially pivotal, formative educational stage at which
to confront this underperformance and to help them prepare for the new NY Regents Living

Environment exam.

NSES also recommended that inquiry-based curricula should be the new educational model

applied for generation of enthusiasm, learning, understanding and a respect of science. We

propose to extend the NSES strategy by generation of a genuine enthusiasm for learning science

and math, via presentation in the classroom by MSSM scientists and mathematicians of"working

models" of space biomedical research. Subsequently, development of a stand-alone curriculum
will allow science teachers to utilize the theme in various courses of study'. In order to address

issues related to goals stated within NSBRI's educational outreach mission, we plan to integrate

fundamental concepts of biomedicine with basic science and mathematics in the rich and

enticing framework of space exploration. We propose a novel research-based educational

outreach program entitled "DEFYING GRAVITY: Enduring Life in Space" to symbolize how a

basic body plan, that evolved over many millions of years for life on earth within "Normal

Gravity," may' adapt to endure and solve any' problems encountered in "'Microgravity'" and

function efficiently. Goals tbr exploration of this compelling concept are to provide: 1) a
"unifying theme" that will afford meaningful links between the wide breadth of issues related to
human health in Earth's "normal" gravity and in space's microgravity; 2) insight into the

scientific knowledge essential for formulation of countermeasures, and how" they will be

implemented to ensure the well being of humans who spend long periods of time in space, and 3)

working models of scientific and mathematical principles.

The basic DeJ),ing Gravity curriculum will be fine-tuned, primarily assessed, and then adjusted

as considered necessary within partnership/teams of MSSM scientists/educators, high school
science teachers and students of the "MSSM Teacher's Summer Institute 2001: A Space

Research Odyssey" (TSI). This will represent the penultimate formulation phase of the

program's curriculum.

A fully formed first-run curriculum, presented as semi-formal "'research lab meeting" style semi-

nars/workshops followed by hands-on laboratory sessions with group discussion, will

demonstrate: 1) current paradigms and unifying principles that relate research to space

biomedicine: 2) approaches used to devise and test hypotheses (i.e., the Scientific Method)" 3)



integration of mathematical principles as they relate to concepts and common themes with the

biological and physical sciences and technology; and 4) how to formulate components of,

collect, organize, analyze, graph, and interpret, data. The new Life Sciences Secondary School,

with an "underrepresented" and academically challenged, minority (>95%) student population,

will represent a first level test site over the second and third years. Selected curriculum

components will also be applied during the third year by MSSM-TSl participant _lab mentor'
teachers, as a stand-alone product to a wide and more diverse group of 9th-1 lth grade students
and to other teachers and students within the well-established Gateway Program (Slater and ller.

1991; Iler and Slater, 1998). These schools will represent second level, broader spectrum, test

sites. Additional curriculum components will be incorporated within these test sites as the

program progresses. Both formative and summative measures will be used for example: to

determine mid point progress, clarify program strengths and weaknesses and sum up overall

program impact.

Products derived from the Defying GraviO, program will include: 1) A hard copy of the stand-

alone curriculum with lesson plans and hands-on laboratory experiences; 2) An interactive www-
site version of the stand-alone curriculum with downloadable text. images and digital

video/audio sessions; live (scheduled) scientist discussion room: teacher's lounge email FAQ

and questions (modeled on the well designed and tested "'NEURON NEUROLAB ONLINE"

www page: 3) Interactive CD Rom's of selected curriculum components, produced by NSBRI's
Morehouse School of Medicine with Public Broadcasting Atlanta's studio (Dr. Marlene

MacLeish with Milton Clipper and Wayne C. Sharpe, in years 2 and 3): 4) "'High School

Teaching for Biomedical Scientists" handbook: 5) An interactive, hands-on exhibit at the New
York ttail of Science, of selected curriculum components: and 6) National multi-media

outreach/dissemination via MSSM and NSBRI/PBA channels.



NSBR! AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT:

Education and Public Outreach

Deborah L. lllman, Ph.D.

University. of Washington - Northwest Science and

Technology Magazine

Northwest Outreach Program on Space Biomedical

Research

Project Executive Summary

The overall goals of this outreach project at the University of Washington (UW) are to develop

new ways to communicate more effectively with the public about space biomedical science and

technology, and to attract bright young minds to careers in this field.

Our project objectives are to:
I. Develop and disseminate articles on space biomedical research via Northwest Science &

Technology (NWS&T) Magazine, a new regional science publication with a circulation of over

30,000 in the Pacific Northwest region and beyond, and furthermore, to involve student writers

in our science writing curriculum and in development of these articles;

2. Develop/adapt and disseminate special materials on space biomedical research for middle

school students and their parents and teachers by means of an insert in NWS& T:
3. Improve the ability of scientists and public information officers to communicaie with general

audiences by developing and delivering a science writing workshop for NSBRI consortium

members; and
4. Attract students in the pipeline to careers in space biomedical research by means of a summer

experience for high school students in the laboratories of NSBRI projects at the UW.

During the first year of the project, we have accomplishcd the following tasks in support of

these objectives:

1. Magazine Articles on Space Biomedical Research

• Developed a series of articles for Northwest Science & TechnoloKr Magazine on space

biomedical topics:
"UW Joins Effort to Advance Space Biomedical Technology," Holli Riebeek, NWS&T,

Autumn 2001, pp. 6-8.

"Flying Higher and Faster: An Interview with Astronaut Susan Helms," Cover Story by
Holli Riebeek and Deborah Illman, NWS&T, Winter 2002, pp. 14-20.

"Great Expectations: Virtual Reality." Holli Riebeek. NWS&T. Spring 2002. pp. 22-28.

"'Biomedical Studies Should Take Priority on International Space Station: Research on

human adaptation to space is likely to benefit terrestrial medicine," Editorial by Martin J.

Kushmerick, NWS&T, Spring 2002, p. 58.

.00_. by Holli Riebeek.SciScape insert for middle school students. Spring "_ "

Provided support and experiential learning opportunities tbr a master's level science writing

studenL Holli Riebeek. to develop these articles. Ms. Riebeek graduated in June 2002 and is



currently serving as technologyjournalism intern in New York at 1EEE Spectrum, the

flagship publication of the Institute for Electrical and Electronics Engineers.
• Added 4,500 names of middle school science teachers and administrators from Washington,

Oregon, Idaho, Montana, and Alaska to our magazine distribution list to receive these articles

and insert.
• Published and disseminated an announcement by Baylor College of Medicine on the NSBRI-

funded teaching series "From Outerspace to Innerspace" in the Autumn 2001 issue.
• Published and disseminated full-page color displays about NSBRI in Winter, Spring, and

Autumn 2002 issues.
• Technical Communication undergraduate student Sara Causey helped to develop a second

issue of SciScape on space/biomedical content to be published in a future issue of NWS&T.

• Provided support for Technical Communication student Marita Graube to develop an article

on space exercise for inclusion in the Winter 2003 issue.

2. Middle School Insert

• Developed the concept and design for NWS&T SciScape, our insert for middle school

students, with input from educators and writers with special expertise for this age group.
• The first of two NSBRI-sponsored inserts was published in Spring 2002 and copies supplied

to the outreach team leader.

• Developed an evaluation tool to obtain feedback from users of SciScape.

3. Improving Communication with General Audiences
• With funding from the UW College of Engineering for UW School of Communications

Ph.D. student Fiona Clark, we completed a content analysis of recent New York Times

coverage of space-related events and issues. Our objective was to characterize current

journalistic practices with regard to space exploration and space biomedical research, and to

provide a benchmark against which future developments in coverage can be assessed.

4. Summer Experience for High School Students

• Implemented a recruitment plan in conjunction with Washington Space Grant to identify high
school students to work in the laboratories of tJW-NSBRI investigators during summer

quarter 2002. The plan was carried out through the 2001-02 academic year culminating in the

placement of 4 students in NSBRl-related laboratories at the University of Washington and
successful completion of the program by all 4 students.

• Developed a participation plan for UW-NSBRI investigators to take part in the selection

process and tours for 40 high school seniors who are applying for Washington Space Grant
scholarships, thereby highlighting topics in space biomedical research for a wider pool of

students in the pipeline.



NSBRI AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT:

Education and Public Outreach

Robert K. James, Ph.D.

Texas A&M UniversiW

NSBRI Teacher Academy Project

Project Executive Summary

The Vision
The vision of NSBRI TAP is to engage middle level students in the highly motivational study of

manned space flight to Mars. The project is designed as an avenue to promote improvement in
and to contribute to the reform science education in this country. One of the critical pathways to

reform is through the nation's classrooms and the conduit to those classrooms is through
teachers. NSBRI TAP has developed the exciting concept of producing a national cadre of 90

Fellows of the Academy, trained to lead space science workshops in each state of the nation with
the focus on NSBRI research. The Teacher Academy is being developed and refined as a model

that can be disseminated nationally.

The Mission

The mission of NSBR1 TAP is to prepare this national cadre of space science teacher-leaders that
can assist other local middle school teachers to implement cutting-edge, space-based science

activities in their classrooms. These activities are related to NASA's planned Mission to Mars.

There are approximately half a million middle school classrooms in the nation and space-based

science provides exciting, creative and inclusive instructional activities that engage middle level

students. The goal is for the Fellows of the Academy-to have a significant impact on the space

science teaching of their peers and their students nationwide. Through the joint efforts of NSBRI
scientists and Fellows of the Academy, information about and the vision needed for public

support of a Mission to Mars is being shared.

The Impact
The impact on teachers of NSBRI TAP is already being felt after the first year:
Over one thousand teachers estimated to serve at least 100,000 students were reached through

Academy Teachers' workshops and this has made the job of recruiting teachers for this year's
summer institute much easier. Word has spread that this is an exciting project that provides good

teacher support and is looked upon favorably by schools and their districts.

There is a long waiting list of applicants and it appears likely that after three years the project

will have managed to recruit a teacher/leader from each state in the nation.

Sessions, delivered at regional and national conferences by both teacher participants and TAP
staff, have been well attended. This suggests that NSBRI research is a topic that interests

teachers and their students.

Teacher participants in the program bring with them an infectious enthusiasm and a passion for

space science. The teachers thirst after the kind of information that can be imparted to them
about NSBRI research. NSBRI scientists at Texas A&M University volunteer their time during

the summer institute to share this research information enthusiastically with the teachers. Four

of these NSBRI scientists serve on the project's Advisory Board.



Future Plans

Plans are already in place for this year's NSBRI TAP Summer Institute, held partly at Texas

A&M University, College Station with research contributions from NSBRI scientists on site and

at Johnson Space Center, Houston, Texas. One of these scientists, Dr. Michael Delp, will
educate the teachers about his experiment that will fly on STS-107 in July 2002. This is

certainly exposing them to science at the cutting-edge. Participating teachers will be welcomed

to the Academy by Dr. Ron White, Associate Director of NSBRI and they will hear a closing

presentation from Dr. John Charles, a NASA Code U Mission Scientist, on the future directions

of manned space flight. It promises to be an exciting and productive year, building on the good

foundation laid during 2001-2002 with the help of synergistic partnerships that have been

developed.



_SBRI AREA:

?RINCI PAL INVESTIGATOR:

ORGANIZATION:

PROJECT:

Education and Public Outreach

Marlene Y. MacLeish, Ed.D.

Morehouse School of Medicine

Secondary. and College Education for the Next

Generation of Space Life Scientists

Project Executive Summary

Three schools - Baylor College of Medicine (BCM), Morehouse School of Medicine (MSM),
and Texas A&M University (TAMU) - have strategic responsibility to effect the National Space

Biomedical Research Institute's (NSBRI) education and pubic outreach mission. MSM has been

funded by the NSBRI for the past three years to support national science education reform

through the production of innovative secondary education curriculum supplements and the

development of a pipeline of minority group science students. MSM is requesting continued

funding for four ongoing projects and one new initiative to support this mission.

The four ongoing projects are: the NSBRI Teacher Fellowship Program, a collaboration with the
DeKalb School System Fernbank Space Station and Georgia State University SECME

programs; the Summer Research Program which enrolls college students to do summer research
in a MSM science laboratory; an undergraduate level course, The Human Body in Space, taught

at Spelman College; and the NSBRl Film Archive. MSM is proposing a fifth initiative - the

production of an undergraduate textbook on the human body and weightlessness.

The Teacher Fellowship Program aims to support the professional development of secondary

teachers by engaging them in the production of innovative problem-based science cases. The

fellow is using the Harvard problem-based case model to write a cardiovascular case, Bobby's
Beat. The fellow will attend the TAMU Teacher Academy Program to introduce this method to

science teachers enrolled in that program and to learn leadership skills to effect change when the

fellow returns to their home system. Georgia State University SECME will sponsor the 2001

teacher fellow. This Program also enrolls one student intern. The 2000 student intern produced
the video, Immortal Heavens. A second intern will be selected in Spring 2001 to work on

Bobby's Beat.

The Summer Research Program provides research opportunities for four undergraduate students

to engage in a research intensive internship at MSM, learn about space biomedical research from
an eminent space sciences guest lecturer, and meet role models involved in space biomedical
research. To date, 13 students, selected from a competitive applicant pool, have participated in

the intensive 12-week research program. A longitudinal databa.se exists on the students to

measure the outcome of the program.

The NSBRI Film Archive contains over 150 hours of video relating to NASA's Neurolab

mission, NSBRI team science, and the Human Body in Space course. Film and design footage

are made available to NSBRI consortium member schools as well as other organizations. The

Discovery Channel, ZDF-German TV, RDF Television-London, the Atlanta and DeKalb public
schools, and the SciTrek and Fernbank museums have used materials from the archive. ]his

one-of-a-kind repository will be used to develop interactive lnternet accompaniments to the

proposed textbook and the problem-based cases written by the teacher fellows.



The proposed textbook on the human body and weightlessness will enrich teaching of space

biological sciences at the undergraduate level. A well-designed textbook that uses a

multidisciplinary perspective to elicit their understanding of the world is timely. The need for
such a text is amply demonstrated by the Spelman College, Colorado State University and Johns

Hopkins University courses that rely on collated materials from disparate sources. Existing
course materials do not adequately meet national undergraduate science education standards and

are not uniformly appropriate for an undergraduate audience.
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NSBRI AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

IPROJECT:

Education and Public Outreach

Dava J. Newman, Ph.D.

Massachusetts Institute of Technology

Space Biomedical Sciences and Engineering

Curriculum and Outreach Program

Project Executive Summary

Mission:

Our mission is to provide the National Space Biomedical Research Institute (NSBRI) with a

multi-level Space Life Sciences curriculum, and to excite and educate the public about the
wonders of science, engineering and medicine by disseminating knowledge gained in NSBRI

research areas. Our project is directly contributing to the need for developing graduate and

undergraduate level curriculum, as well as to the need for transfer of advanced space life
sciences knowledge into material appropriate for younger students and the general public.

Basic Approach:
The team includes academia and two small businesses, both of whom significantly contribute to

our outreach program. We are developing and teaching graduate level courses at the
Massachusetts Institute of Technology. The curricula are modular and cover eight of the twelve

NSBRI research areas, and hence they can be distributed and used in other NSBRI affiliated

universities. The two graduate courses are: "Space Biomedical Engineering and Life Support"

(SBE) and "Sensori-Neural Systems: Spatial Orientation from Vestibular End Organs to

Behavior and Adaptation" (SNS).

The curriculum and student term projects from the SBE course serves as a starting point for the

development of undergraduate level curriculum and provide the topical areas for outreach at the

high school and public outreach levels. We are developing and will teach a freshman course
devoted to the same space biomedical topics that are covered in the graduate level course. The

high school level outreach encompasses Anatomy and Physiology class laboratories that focus on

the debilitating effects of long duration microgravity on the human body. These are part of a
greater engineering design curriculum, entitled "'Spacercise". which challenges students to design
the best countermeasure exercise machine for space. For the public, we have completed a

conceptual design for the 'knowledge station' that allows learners to interact with curricular
materials via state-of-the-art information technology and a physical platform that is designed

specifically to facilitate human interaction and learning.

Attention to assessment has been paramount in our curricular efforts and learning will be
assessed in all our eflbrts. We have developed two Assessment Guideline Tutorials that give

advice to teachers/instructors on 1) effective feedback and 2) learning styles and teaching. A

third tutorial is under development and explores the topic of "Questioning" and getting students

involved in taking responsibility for their own learning.

Strengths and Major Accomplishments:
Within Year !. we have taught the two proposed graduate level courses. "'Space Biomedical

Engineering and Life Support" was taught in the Fall of 2001 and the "'Sensori-Neural Systems"
was piloted in the Spring of 2002 at MIT through the Harvard-MIT Health Sciences and
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TechnologyProgram. Both courseshadNSBRI affiliated researchers,from severaldifferent
disciplines,participationasguestor activelecturers.

Developmentof the undergraduateversionof "SpaceBiomedicalEngineering"(SBE UG) has
begunwith the identificationof appropriatelevel materialsaswell asawebsitethatparallelsthe
graduatesite. Extensivediscussionsandplanningwith threeexternalacademicsitesthatwish to
offer the SBE UG curriculumhave commenced,namely,Smith College,the Naval Academy,
and the University of Maryland. In Year 2 of our efforts we will assist with teachingand
implementthe SBE UG courseat SmithCollegein conjunctionwith their new undergraduate
degreein engineering.We are alsoplanningon offering a Fall 2003 (grant Year 2) freshman
seminarat MIT.

Three"Spacercise"laboratoriesarebeingdeveloped,of which two arescheduledto bepiloted in
the Fall 2002(grantYear2). During Year1,theEverettPublicHigh School(Everett,MA) was
identifiedasa possiblesite for piloting the Spacerciselabs. ThreeEverettHigh Schoolteachers
arecurrentlyworkingwith usto developtheinquiry-basedlabsfor the AnatomyandPhysiology
classes. Basedon discussionswith the teachers,it was decidedthat three labs should be
developed, each covering one of the following topics: the Skeletal, Muscular, and the
Cardiovascularsystems. Within eachunit, studentswill gain an understandingof the basic
anatomyandphysiologyof eachsystemaswell asanapplicationof theeffectsof long duration
spaceflightoneachsystem.

Threeconceptualdesignsfor a "KnowledgeStation"werecompletedandafinal conceptchosen,
namely,the "KnowledgeSphere"design.Visualizationsof the KnowledgeSphere,Knowledge
Spider, and KnowledgeWorld designswere completedand electronicvisualizationsand 3D
modelshavebeencompletedfor theKnowledgeSphereandSpiderconcepts.

Future:
In Year 2, our goals include further curriculum development of graduate and undergraduate
courses. Our assessment and feedback gained during Year ! w'ill lead to re-designed and

enhanced curriculum content for both graduate courses. The graduate curriculum development

efforts will lead to SBE and SNS being taught again in academic year 2003-2004 (grant Year 3).

In Year 2, we will focus on finishing developing the undergraduate "'Space Biomedical

Engineering" (SBE UG) course, and plan to offer it at M[T (grant Year 3) and Smith College

(grant Year 2). The "Spacercise" laboratories will be completed and piloted in the Fall of 2002
at the Everett Public High School. The prototyping of the Knowledge Sphere commences and

plans for deployment and a pilot study at the Peabody Essex Museum (Salem, MA), the Museum
of Science (Boston, MA), and a public mall (Cambridge. MA) will be finalized.
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NSBR! AREA:
,PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT:

Education and Public Outreach

Roland B. Smith, Jr., Ed.D.

Rice University

Outreach Program for the Professional Development
of Students and Teachers on Studies Related to

Biomedicine in Outer Space

Project Executive Summary

The United States continues to feel the effects of declining student interest in science and

scientifically related careers. At the same time, high school science teachers have limited

opportunity to enhance their scientific knowledge in a manner that would inspire the interest of
their students in science careers. In response to these challenges, the Rice/UTMB Outresch

Program is dedicated to furthering the NSBRI mission to communicate the significance of space

life sciences and microgravity biotechnology to local and national audiences, while

disseminating the biomedical knowledge gained through research programs to the classroom and

community.

Our goals are to attract young people to space-related enrichment programs, promote excellence
and innovation in America's science education system, and enhance the scientific background

among teachers, students, their families, and the community as a whole. This is achieved

through a program consisting of two parts: 1) the Academic Development of High School
Students (Student Research) and 2) the Teacher Institute for the Advancement of Space Science

Education (Teacher Institute). Students and teachers were involved in the ongoing space

biomedicine research projects conducted at Rice and UTMB, including those in the areas of i)
bone and musculoskeletal loss, ii) integrated human function, iii) immunology, infection, and

hematology, iv) neurovestibular adaptation, and v) technology development.

For the Student Research component, twelve high school students conducted laboratory research

from June to August, taking advantage of the academic environment at both Rice and UTMB.
Their interactions extended beyond those in their own laboratory through a series of workshops

designed to expose young scientists to researchers and the wide variety of research being
conducted in the field of space biomedicine. The research experiences were supplemented by

field trips designed to motivate students to pursue scientific research as a career.

The Teacher Institute continued throughout the academic year after beginning with an intensive

two-week session held in June. Sixteen secondary teachers enhanced their scientific knowledge

of space biomedicine through interactive discussions with space biomedical researchers, a one-

day, hands-on research experience performing activities in some of the existing NSBRI and
NASA educational modules, and special tours of NASA. Johnson Space Center and Space

Center Houston. Teachers applied their knowledge toward the design of a space biomedicine

mini-module/unit plan to be taught in class during the academic year and refined for publishing
on the educational resources web sites of Rice. UTMB and the NSBRI. Both student and teacher

components were monitored and evaluated by an external evaluator.

Rice University has a long-standing commitment to the greater Houston area through its 54 K-I 2
outreach initiatives, many of which are programs for student enrichment and professional
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developmentof teachers focused in the area of science and mathematics education. Rice
University, founded in 1892, is consistently ranked one of America's best teaching and research

universities. It is distinguished by its size, with 2,700 undergraduates, 1,500 graduate students,

an undergraduate student-to-faculty ratio of 5-to-l, selectivity (10 applicants for each place in the
freshman class), and the fourth largest endowment per student among private American

universities. Rice maintains a residential college system, which builds communities that are both
close-knit and diverse. Its collaborative culture crosses disciplines and integrates teaching,

research and service throughout the University community. Rice University's K-12 outreach

projects number 67 separate programs, of which over half are specifically designed to enhance
science and mathematics education in area schools.

UTMB has a long-term interactive partnership with the nine Galveston County school districts

through a variety of K-12 programs including summer science research camps for 7-12 grade
students, science teacher workshops, and an annual Regional Science Teacher Conference. The

University of Texas Medical Branch at Galveston (UTMB), founded as a medical school in

1891, has grown into a major health science center comprising four schools, two institutes, and

seven hospitals. Its campus lies on the East End of the Galveston Island, encompassing 64 acres
and consisting of more than 50 major buildings. The total space allocated at UTMB is

approximately 332,000 net square feet. During the last fiscal year approximately 500 research

projects were conducted with external funding. An estimated 250 additional projects were
conducted without external funding. The graduate school of biological sciences, consisting of

about 275 faculty members and 300 students, confers the Ph.D. degree mainly in the fields of

Biochemistry, Human Genetics, Cell Biology, Microbiology, Neuroscience, and Pharmacology

and Toxicology.

The collaborative, interdisciplinary spirits of both institutions extend beyond their campuses to

the Texas Medical Center, Baylor College of Medicine, NASA - Johnson Space Center, and
other educational institutions. The synergy created by the combined scientific and educational

expertise at Rice and UTMB has culminated in an outstanding program that will not only benefit

the participating students and teachers, but also the community' at-large.

Assisting Dr. Roland B. Smith, Jr., Associate Provost - Rice University and Chair of the
Educational Outreach Council and Dr. Clifford W. Houston, Associate Vice President for

Educational Outreach - The University of Texas Medical Branch, who serve as Co-Principal

Investigators were the following individuals. For the Student Research Component, Dr. Kate
Beckingham - Professor in the Department of Biochemistry and Cell Biology, Rice University

and Dr. Vimlarani Chopra - Assistant Professor in the Department of Obstetrics and

Gynecology, The University of Texas Medical Branch, served as Co-Investigators and managed

the laboratory research activities of students assigned to their respective campus, 6 each for a
total of 12. For the Teacher Institute, team members from Rice University were Ms. Nanda

Kirkpatrick - Director of Precollege Science Education Programs and Ms. Debbie Jensen -

Science Curriculum Specialist in the Department of Biochemistry and Cell Biology. Teams
members from the University of Texas Medical Branch included Ms. Marsha Ricks - Director of

Science Education Programs (through August, 2001) and Dr. Marguerite Sognier-Assistant

Director of Science Education Programs. Dr. Sognier is also a Staff Scientist at

NASA/JSC/USRA. Ms. Marly Daniel - Instructional Technology' Specialist in the Pre-College

Science Education Program at Rice University was responsible for creating and maintaining the

web site for both the student research and teacher professional development components of the

grant. Administrative support lbr programs on both the Rice and UTMB campuses was provided

13



by Ms. Sharon Bush - Educational Outreach Administrator, Office of the Associate Provost,
which included budget management, procurement, administrative reports, and serving as the
administrative liaison for the NSBRI Education Outreach Team, Dr. Marlene MacLeish-

Morehouse College and Dr. William Thomson - Baylor College of Medicine, Co-Directors.

Administrative support for the UTMB campus was provided by Ms. Sylvia Tortes -

Administrative Manager, Education Outreach Office.
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NSBR! AREA:

PRINCIPAL INVESTIGATOR:

ORGANIZATION:

PROJECT:

Education and Public Outreach

William A. Thomson, Ph.D.

Baylor College of Medicine

From Outer Space to Inner Space: Sharing NSBRI

Progress with the CommuniD"

Project Executive Summary

NSBRI's Education and Public Outreach Team activities are developed and implemented jointly

by Team partners, in coordination with the NSBRI leadership, to assure that Team projects
address NSBRI program objectives. The Education and Public Outreach Team's mission is to

communicate the significance and excitement of space life sciences to local, national and
international audiences, while transferring and disseminating knowledge gained by the

biomedical advances achieved by other NSBRI Research Teams. This mission is being

accomplished through an integrated array of programs that focus on students and educators at all

grade levels, as well as the general public. Specific Team objectives address (1) Teacher
Professional Development, (2) Curriculum Development, (3) Science Literacy and Public

Awareness and (4) Access and Career Awareness.

Each partner institution within NSBRI's Education and Public Outreach Team has created its

own specific aims (based on individual strengths, expertise and other factors) to address larger

Team objectives. BCM elected to focus its NSBRl-sponsored outreach activities on elementary
arid middle school students, teachers and families. These activities include the creation of unique

teaching materials, delivery of professional development to teachers by multiple partners, and
use of broadcast media to convey general science and health messages to the target populations.

Original project aims at Baylor College of Medicine (BCM) are as follow.

1. Collaboratively create, evaluate and disseminate one interdisciplinary teaching unit per year,
based on NSBRI research themes for middle school students.

2. Improve teacher practice and content knowledge through multiple professional development

opportunities conducted in formal and informal educational settings.
3. Develop an online workshop resource for NSBRI scientists to use for outreach to teachers,

students and the community-at-large.

4. Create and implement cost-effective models for communicating NSBRI research to local and

national populations through television and radio short-format news and newsmagazine
stories.

Key Findings. Activities carried out by BCM during the 2001-2002 Award Year relate directly to

our original NSBRI proposal and the aims described therein. We currently are examining
evaluation data from BCM's Year One NSBRI activities, and the results will be presented in our

Year Two report. However, preliminary results and anecdotal evidence reinforce the encouraging

findings of our initial NSBR1 outreach efforts.

During Year One, more than 750 teachers, representing about 18,000 students nationwide, were
reached through BCM's NSBRI professional development at various venues, including Space
Center Houston. Field tests results are showing that our NSBRI instructional units are effective,

interesting to students and teachers, and simple enough for teachers to use without participating

in special training.
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In addition, we are finding that space life science topics are appealing to the general public when

presented via television or radio formats. During Year One, approximately 9,000,000 potential

viewers had an opportunity to see NSBRI-focused stories on Houston Public Television. BCM

also produced three NSBRI Radio HealthLine stories, which were distributed to 2,900 radio
stations nationwide.

The enthusiastic response from a diverse and large audience demonstrates that space life sciences

provide an interesting, flexible and effective foundation for educational outreach activities at
numerous levels. Equally important, we are finding that the space exploration is an excellent

introduction to any number of science, health and other educational topics.

Impacts of Findings. Through its educational and outreach efforts, BCM is working to transfer
the excitement and real-world applications of NSBRI research into the nation's classrooms and
homes. Teachers and students across the US are using activities guides created by BCM to bring

NSBRI science to the elementary and middle school level. Meanwhile. BCM is working with the

local Houston public television affiliate (KUHT-TV) to produce and broadcast television news

spots and programs that bring space life sciences to the general public.

Based on our project evaluators, BCM's NSBRI efforts have had a significant positive impact in

classrooms. We are using teacher feedback to continue refining the instructional model upon

which we base our teaching materials. In particular, we are working to ensure that BCM's

NSBRI-related programs address identified needs of students to develop problem-solving and

critical thinking abilities, as well as language skills within a real world context.

Research Plan for Coming Year. The experiences of Year One and data gathered during the

previous funding period are guiding the development of BCM's NSBR1 Education and Public
Outreach activities over the coming year. BCM's original project aims (listed on page 1) will

remain largely intact during Year Two and in future years. However, our aims and strategic plan

will be slightly revised to address identified shortcomings and maximize Team strengths. Year

Two objectives and strategies are described below.

)2,ar Two Oh/ectives

1. Analyze field test results and reviews by specialists of the Food and Fitness unit, and
produce a final version of this teacher guide for national dissemination bv institutional
members of the Education and Public Outreach Team and other NSBRI partners.

2. Create, evaluate and disseminate an interdisciplinary, teaching unit (tentatively entitled

"Disease and Infection") for middle school students, based on NSBR1 research themes.

3. Improve teacher practice and content knowledge through multiple professional development

opportunities conducted in formal and informal educational settings
4. Continue to develop and implement cost-effective models for communicating NSBRI

research to local and national populations through public media.

These objectives will be achieved through teacher professional development and space life
science curricular materials development. In addition, BCM will work with the media.

particularly KUHT-TV and BCM's TV ttealthLine, to promotc the overarching NSBRI

objectives and educate the general population about exciting developments among NSBRI
scientific teams and the broader space life sciences community.
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I. ABSTRACT

The Nation's education needs have been flamed by the President's challenge to, "leave no child

behind" and the 21 _tcentury workplace requirement for a science literate society. Such ambitions

require bold vision and strong leadership for systemic change across the educational spectrum.
NASA Administrator Sean O'Keefe has taken up this challenge, stating, "Education is part of

our [NASA's] core mission." That mission includes the goal, "to inspire the next generation of

explorers.., as only NASA can."

The National Space Biomedical Research Institute (NSBRI) Education and Public Outreach

Team has been working to achieve these directives through a coordinated, multi-institutional

strategy that helps to meet our nation's education needs. This strategy is designed specifically to

assist in educating the next generation of space biomedical researchers and to transfer the

medical and biomedical findings of space research to the scientific community, the home and the

classroom. The Team's mission is to communicate the significance and excitement of space life

sciences to local, national and international audiences, while transferring and disseminating

knowledge gained by the biomedical advances achieved by other NSBRI Research Teams. This

mission currently is being accomplished through an integrated array of programs that focus on

students and educators at all grade levels, as well as the general public. The Education and Public

Outreach Team develops and implements activities that address the following four major goals:

• Design and conduct a variety of teacher professional development programs to help

teachers understand space life sciences and change their practices and behaviors to improve

the learning experiences they provide students

• Develop curricular materials that span the educationai continuum; are aligned with national

science education standards; provide accurate, balanced, effective and inquiry-based

instruction; and expand students' understanding of and interest in ongoing NSBRI research
• Promote educational access and career awareness in bioastronautics research among high

school and undergraduate students, as well as high school teachers.

• Increase scientific literacy and public awareness of the real-life impacts of NSBRI research

through media, informal science activities, direct mailings and journal publications.

The Education and Public Outreach Team is comprised of seven primary partners: Baylor

College of Medicine (BCM); Massachusetts Institute of Technology (MIT); Morehouse School

of Medicine (MSM); Mount Sinai School of Medicine (MSSM); Rice University and The

University of Texas Medical Branch (RU/UTMB); Texas A&M University (TAMU); and the

University of Washington (UW). Twenty-seven other organizations and institutions--including

state public school systems, public television and radio stations, state space grant programs and

museums---are working with the Team to promote its mission and to ensure the widest possible

dissemination of its products and programs.

The Education and Public Outreach Team is helping NSBRI to address the educational goals set

forth by President Bush and Administrator O'Keefe. Hundreds of teachers and thousands of
students have benefited from the Team's NSBRl-sponsored programs; and the public has been

reached through television and radio news programs and national magazine articles. The Team's

ongoing efforts are establishing NSBRI as a leading resource for bringing the excitement and

importance of NSBRI space life science research into the nation's classrooms and homes.
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II. INTRODUCTION

The mission of the NSBRI Education and Public Outreach Team is to communicate the

significance and excitement of space life sciences to local, national and international audiences,

while transferring and disseminating knowledge gained via the biomedical advances achieved by
NSBRI Research Teams. This mission is being accomplished through an integrated array of

programs focusing on students and educators at all grade levels, as well as the general public.

Team goals are as follows:

• Design and conduct a variety of teacher professional development programs to help

teachers understand space life sciences and change their practices and behaviors to improve

the learning experiences they provide students.

• Develop curricular materials that span the educational continuum; are aligned with national

science education standards; provide accurate, balanced, effective and inquiry-based

instruction; and expand students' understanding of and interest in ongoing NSBRI research.
• Promote educational access and career awareness in bioastronautics research among high

school and undergraduate students, as well as high school teachers.
• Increase scientific literacy and public awareness of the real-life impacts of NSBRI research

through media, informal science activities, direct mailings and journal publications.

III. PROGRAM STRUCTURE AND DESIGN

The Education and Public Outreach Team is comprised of seven primary partners: Baylor

College of Medicine (BCM) in Houston, Texas; Mt. Sinai School of Medicine (MSSM) in New

York, New York; Massachusetts Institute of Technology (MIT) in Cambridge, Massachusetts;

Morehouse School of Medicine (MSM) in Atlanta, Georgia; Rice University and The University

of Texas Medical Branch (RUAJTMB) in Houston and Galveston, Texas; Texas A&M

University (TAMU) in College Station, Texas; and the University of Washington (UW) in

Seattle, Washington.

A number of major organizations and institutions are working with NSBRI's Education and

Public Outreach Team. Notable among these partners are (in alphabetical order): Aldine

Independent School District, Atlanta Public Television and Radio, DeKalb Public Schools,

Emory University, Fernbank Museum, the nine Galveston County school districts, Georgia

Institute of Technology-SECME Program, Georgia State Partnership for Excellence in

Education, Harvard Medical School, Houston Independent School District, Houston Public

Television, Johnson Space Center, New York Public Schools, New York Hall of Science,

Space Center Houston, Spelman College, Texas Alliance for Science, Mathematics and

Technology, Texas Rural Systemic Initiative, the Texas Statewide Systemic Initiative, and the

Washington Space Grant program.

Synergy among individual project goals is achieved through the following four themes: teacher

professional development; curriculum development; science literacy and public awareness; and
access and career awareness. The following charts show how the teams work with each other.
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NSBRI Education and Public Outreach Team Activities, 2001-2002
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IV. PROGRAM ACCOMPLISHMENTS, NOVEMBER 2001-OCTOBER 2002

Baylor College of Medicine---From Outer Space to Inner Space." Sharing NSBRI Progress with

the CommuniW.
• Conducted 11 NSBKI unit workshops for 221 teachers, representing more than 5,000

students. Workshops received an overall 4.9 rating by participants (out of a possible 5.0).

• Filled requests from around the US for more than 3,200 copies ofBCM's NSBKI Teacher

Guides and more than 1,600 NSBRI classroom posters.
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• Space Center Houston (at NASA) also disseminated more than 1,500 copies of BCM's From

Outer Space to Inner Space materials.

• Incorporated NSBRI activities into other programs:

- used in a summer professional development program, funded by the National Science

Foundation, for 120 lead science teachers in the Houston Independent School District;

- implemented in workshops for eight scientists and 16 teachers participating in BCM's

Science Education Leadership Fellows program, funded by the Howard Hughes Medical

institute; and

- utilized by Space Center Houston in its annual Teacher Camp-in, held in April for

approximately 300 Houston-area teachers.

• Completed and field-tested (with 22 teachers) a new NSBRI Teachers Guide, Food and

Fimess. This third unit in the From Outer Space to Inner Space series produced statistically

significant increases on pre-/post-test student scores related to awareness and knowledge of

issues involving to cardiovascular fitness, nutrition and the importance of diet and exercise.

• Began developing the fourth unit in the From Outer Space to Inner Space series, entitled

Infection and Disease.
• BCM's Office of Public Affairs created and aired one NSBRI-focused radio broadcast as part

of its Radio Healthline series, which is distributed nationally via the Associated Press. This

spot is entitled "Living in Cramped Quarters."
• BCM's Office of Public Affairs created and aired one NSBRI-focused television broadcast

for its TV HealthLine series, which is distributed to 80 TV stations around the nation and is

shown on Continental Airlines. This piece is entitled "Helping Astronauts Adjust to Gravity."

• Collaborated with KUHT-TV, Houston Channel, Public Broadcasting affiliate, to produce

and air four live television segments on science and health for families, based on BCM's

NSBRI educational materials.

• Published an article entitled "Night and Day in One Class Period" in the Texas Science

Teacher. This article, which discusses one of the activities in BCM's NSBRI Teacher Guide,

Sleep and Daily Rhythms, will appear in the upcoming October issue of the journal.

Ma._sachusetts Institute of Technology - Space Biomedical Sciences and Engineering

Curriculum and Engineering Curriculum and Outreach Project

• Taught graduate level course: "'Space Biomedical Engineering and Life Support" (Fall 2001 ).

• Developed and taught graduate level course: "Sensori-Neural Systems: Spatial Orientation
fi'om Vestibular End Organs to Behavior and Adaptation" (Spring 2002).

• Developing undergraduate version of"Space Biomedical Engineering" for dissemination in

multiple universities.

• Developed high school level anatomy and physiology laboratories that focus on space
biomedical sciences and engineering principles.

• Completed conceptual designs for "Knowledge Stations," to be used by the public at large.

• Developed two assessment guidelines tutorials for teachers/instructors on 1) effective

feedback and 2) learning styles and teaching.
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Morehouse School of Medicine--Educating the Next Generation of Space Life Scientists.

The MSM Teacher Institute

• Admitted 15 science teachers to a yearlong Teacher Institute representing 1,760 students.

• Complete three modules: National/Local Education Challenges; Metacognition Workshop; A

Private Universe: Science Misconceptions. Modules received 5.0 rating (out of possible 5.0)

by participants.

• Sponsored guest lecturer - SECME Executive Director, Dr. Yvonne Freeman.

• Provided support for two science teachers to attend SECME, Howard University 2002.

• Provided leadership training for the Texas A&M Teacher Academy Program.

• Completed second draft of a cardiovascular problem-based case, Bobby's Beat.

• Initiated design work for Bobby's Beat, Fall 2002.

Summer Research Program

• Four undergraduate students completed a ten-week intensive research program including:

circadian biology laboratory research; weekly journal club presentations; school-wide poster

session/final oral presentation; science writing workshop; core laboratory skills and ethics

training.

• Longitudinal database maintained to measure program outcomes.
• Exit interviews and evaluation completed by each student.

• Conducted three space life sciences modules for 26 National Youth Leadership Forum

students.

NSBR1 Film Archive

• Provided graphics and other technology support for all MSM programs and products.

• Responded to NSBRI Public Affairs requests for film footage.
• Provided initial art for cardiovascular problem-based case.

Mt. Sinai School of Medicine--Defying GraviW: Enduring Life in Space

• Completed Beta-testing of 8 (multi - component; twice-monthly) educational modules

• Produced digital video of all lessons, scientist presentations and labs, to be utilized for site

testing.
• Produced End Of DG Beta Phase Newsletter with a "Beta Test Student Spectacular"

component that featured chosen commentary articles written by seven student participants

and editorial piece "Teaching to the Future."

• Presented 3 DG modules to participants of NSBRI-TAP.

• Design and produced teachers workshop on feedback/evaluation mechanism.

• Collected workshop feedback/evaluation (& site-test recruitment) forms from 25 NSBRI-TA-

02 participants.
• Conducted Mini Summer Institute: Five day meeting with program assessment faculty to rank

8 beta tested modules; fine tune teacher's workshop feedback/evaluation mechanism; design

and produce site testing feedback/evaluation mechanism.
• Produced kits and lesson components for use in modules during the off site-testing phase.

• Established partnerships with nationally recognized Gateway Institute for Pre-College
Education and local school districts for site testing and evaluation.

• Prepared manuscript for NSTA journal The Science Teacher, "Defying Gravity: A

Partnership for Research, Teaching and Learning."
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Rice University/University of Texas Medical Branch----Space Science Education

• Enrolled 16 high school teachers in a yearlong residence to develop space biomedicine
curriculum modules.

• Completed a special tour for selected teachers of NASA Johnson Space and Center and The

University of Texas Medical Branch laboratories to support curriculum content and design.

• Teachers participated in a regional science conference and exhibited curriculum exercises

developed during the two-week summer program.

• Initiated field-testing of instructional activities developed during the two-week professional

development program.

• Completed summer research internship program for 12 high school students that included

laboratory research, weekly research seminars series conducted by faculty, field trips to

Johnson Space Center/NASA, and a brown bag lunch discussion of career opportunities.

Texas A&M University--Teacher Academy Program (TAP)

° Completed an 11-day summer institute (at Texas A&M University and Johnson Space

Center, Houston) for 21 participants from 17 states.
• TAP 2002 included Dr. Richard Braeucker from the German Institut fur Lufi und

Raumfahrtmedizin (DLR), with the expectation that he will adapt various components of the

TAP model for use in Germany.

• Delivered workshops for teachers at Texas Science Teachers' Conference (CAST) November

2001, Austin, TX; Civil Air Patrol (CAP) November 2001, Cocoa Beach, FL; Texas Science

Summit November 2001, San Antonio, TX; National Science Teachers' Conference (NSTA)

December 2001, Memphis, TN; International Space Station Conference, February 2002,

Houston, TX; National Science Teachers' Annual Conference, March 2002, San Diego, CA;

Alabama Aerospace Teachers' Conference, March 2002, Opelika, AL; Civil Air Patrol

National Conference, April 2002, Arlington, VA.

• Delivered a paper at the Association for Educators of Teachers of Science (AETS) March

2002, Charlotte, NC.

• Taught 2,630 students, of whom 161 are African-American, 191 are Asian, 611 are Hispanic
and 34 are Native American.

• Delivered a workshop for 250 teachers at the National Middle School Conference in

Portland, OR, November 1, 2002.

• Established a website and a discussion group on-line.

• Developed a NSBRI-TAP teacher training resource book, which is been tested by 2002-3

participants.

• Initiated recruitment for TAP-2003 to target 17 states that have yet to send a teacher to the

Institute.

• From the first cohort of teachers (2001-2002), 24 have earned the distinction of becoming

Fellows of the NSBRI-TAP.

The University of Washingtorv--Northwest Outreach Program on Space Biomedical Research

• Developed and disseminated articles on space biomedical research in Northwest Science &

Technology (NWS&T) magazine, including a cover story on Astronaut Susan Helms, to

approximately 30,000 readers.
• Recruited four students who completed the 2002 high school summer research program.
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• Developed insert for young readers, called SciScape, on space biomedical research and

disseminated to secondary school teachers throughout the greater Pacific Northwest.

• Furnished articles in electronic form to NSBRI for website.

• Completed a study of media coverage of space; article submitted to Science Communication.

V. IMPLICATIONS OF CURRENT ACCOMPLISHMENTS

The National Space Biomedical Research Institute (NSBRI) Education and Public Outreach

Team is addressing NASA's educational mission and increasing the visibility of NSBRI research

through teacher professional development, curriculum development, science literacy/public
awareness and career awareness and access. An impressive array of programs has been planned

and implemented. From November 2001 through October 2002, NSBRI teacher professional

development reached close to 2,000 teachers nationally and up to 100,000 students through

teacher summer institutes at Baylor College of Medicine and Mt Sinai School of Medicine, year-

long teacher residency programs at Morehouse School of Medicine, Rice University/University
of Texas at Galveston, and Texas A&M University. These NSBRI teams also presented NSBRI

educational workshops at national meetings and in informal science settings, including Space

Center Houston.

Curriculum materials development during the 2001-2002 project year included development of

graduate and undergraduate level courses at MIT and the University of Maryland ("Space

Biomedical Engineering and Life Support; .... Sensori-Neural Systems: Spatial Orientation fi'om

Vestibular End Organs to Behavior and Adaptation;" and "Space Biomedical Engineering").

Teacher and scientist teams at Morehouse (Bobby's Beat), Mt. Sinai (Defying Gravity: Enduring

Life in Space) and MIT (Spacercise) are focusing on the continued need to transfer space life

science knowledge to younger students. These three projects have developed innovative high

school materials and instructional strategies that are being field tested in multiple settings.

NSBRI middle school teacher guides developed by Baylor (From Outer Space to Inner Space

series) have been disseminated throughout the nation and have attracted the interest of a major

commercial publisher. Negotiations are currently underway to license these materials to promote
worldwide distribution of NSBRI teacher materials.

Also, during 2002, the University of Washington developed magazine stories and special

magazine inserts in Northwest Science that promote space life science and NSBRI awareness

throughout the Northwest. Television stories and appearances by BCM faculty and museum

partnerships with Mt. Sinai and MIT also have enhanced awareness of NSBRI among the general

public. In addition, public awareness and pipeline activities include the Morehouse School of

Medicine, Rice/UTMB, and Mt. Sinai summer research and enhancement programs for high

school and undergraduate students.

Between November 2001 and October 2002, the NSBRI Education and Outreach Team

significantly increased interaction with NASA-based education activities. These collaborations

have included teacher professional development (JSC, KSC, Space Center Houston and Space

Grant Consortium Lifi-Offlnstitute). NSBRI is now invited to participate in national meetings
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and workshops with other NASA educators. Indeed, as demonstrated in this report, Team

members have begun to make more NSBRI-focused presentations at national and international

meetings. The NSBRI Education Team Lead, along with a BCM faculty member, will present a

NSBRI education overview and a workshop on NSBRI-developed educational materials at the

OBPR Leading Great Research in Space Annual Educational and Public Outreach Training

Retreat, November 16-22, 2002 in Montana.

In combination, the accomplishments of the 2001-2002 project year have helped to establish

NSBRI Education and Public Outreach as an important national participant across the

educational continuum in space life science education. As additional exposure occurs through

ongoing and new activities, NSBRI Education and Public Outreach will continue to advance and

gain greater levels of national/international recognition. Despite this progress, however, Team

institutions must pay more attention to manuscript development and submission. Team metnbers

have agreed on the importance of this activity and have established the goal of one publication

per team each year. When this very realistic goal is reached, NSBRI Education and Public

Outreach will truly have established itself and NSBRI as a national leader in space education.

Marlene MacLeish, Ed. D.

Team Leader

Education and Public Outreach Team
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NSBRI Summer Interns at JSC

Batdorf, Niles J. University of
nnesota, Twin

Iodd Schlegel ISC Neurosciences Lab

,Beck, Ryann H.

Douglas, Pamela

Evans, Richard (Todd)

Graham, Christine

Hughes, Catherine Smith

Leskin, Katherine

Moore, Mary Kim

Georgia Institute
of Technology

Johns Hopkins

University

Johns Hopkins

University

Vanderbilt

University

Texas A&M

iUniversity

Massachusetts

Institute of

Technology

Baylor University

Todd Schlegel

Todd Schlegel

Alan Feiveson

,Kathy Major

Mihriban Whitmore

William Paloski

Janice Meck

JSC Neurosciences Lab

JSC Neurosciences Lab

JSC Statistical Analysis Lab

NSBRI Public Affairs 1st 6
weeks/JSC Public Affairs 2nd 6

weeks

JSC Usability Testing and

Analysis Facility

JSC Neurophysiology
Biomechanics Lab

JSC Cardiovascular Lab


